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Iwo of the twenty-seven types of potentiometers made by 
LAN. At left, a Wenner, with an accuracy unique among 
wide range potentiometers, is measuring temperatures near 


absolute zero.. At right, a Portable Indicator is measuring 


pH of an electroplating solution. L&N also makes automati- 
cally balancing potentiometers to indicate, record and control. 


A POTENTIOMETER FOR EVERY PURPOSE 


L&N Potentiometers are available to meet 


practically any specifications for accuracy, 
reliability, speed and convenience. 


Making potentiometers of exceptionally high 
accuracy has led to instrument refinements 
and better calibration methods which also 
apply to instruments for routine testing. On 
the other hand, making equipment for rou- 
tine tests has brought about design improve- 


} ments by which research instruments are 


made to operate for years with complete reli- 
ability. Developments which arise from the 
manufacture of each type are thus available 
for incorporation into all types. 


If, among the twenty-seven standard L&N 
potentiometers, none meets your need, we'll 
make one to your specifications. Write, de- 
scribing the characteristics you want, and we 
shall be glad to recommend the most suitable 
instrument. 


LEEDS & NORTHRUP COMPANY, 4978 STENTON AVE., PHILA., PA. 


LEEDS NORTHRUP 


MEASURIN . INSTRUMENTS - 


TELEMETERS - 
rl Ad EH (2 


AUTOMATIC CONTROLS - 


HEAT-TREATING FURNACES 
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PRECISION INSTRUMENTS FOR MEASUREMENT AND CONTROL 


Phototube Relay. This G-M_ special 
demonstration unit comprises a photo- 
tube, thermionic amplifier, resistor, 
potentiometer, condenser, and electro- 
magnetic amplifier relay. It is suitable 
for demonstrations and experimental 
or research work. Write for descrip- 


tive Bulletin CS-593A. 


Moscow, Idaho. At the University of 
Idaho, the Physics Department uses a 
G-M suspended coil D’Arsonval gal- 
vanometer and a G-M power supply 
unit. Other G-M instruments avails le 
for laboratory work are: galvanometer 
relays, portable galvanometers, electric 
thermometers, and phototubes. 


Slide Wire 
Rheostats 


Your slide-wire rheostat gets rough treat. 
ment. It is not pampered. Fae is why this 
G-M instrument has rugged strength as well 
as smooth action built into it. 

Of special benefit to the laboratory tech. 
nician is the Dual-Control slider mechanism. 
This provides a two-movement adjustment. 
You can slide the contact carriage; or adjust 
it by a geared vernier action. A slight pres. 
sure on the control knob depresses and dis. 
engages the gear. 

On most models, nested brushes with 
multiple spring contacts are used, providing 
contact surfaces of large area. On rheostats 
wound with fine wire, a single contact shoe 
with an auxiliary pressure spring is used to 
avoid unnecessary wear to the wire. 


To insure maximum service under most 
severe use, exacting care is taken in every 
manufacturing step. There is extra dielectric 
strength in the porcelain enameled steel 
tubing, which is covered by a special insu: 
lating material. The rack and gear assembly 
has been life-tested. The end brackets are 
die cast, not sand cast or stamped. Finally, 
the alloy resistance wire is selected to 
rigid specifications. 

G-M rheostats are manufactured in 12 and 
20-inch sizes. There are 32 ratings, ranging 
from 0.6 to 48,000 ohms. The measured 
total resistance of each rheostat is stamped 
on the frame. Write for the ps ow 

iving specifications and prices on slide wire 
and the line of GM 
precision instruments. 


G-M_ LABORATORIES _[NC. 


DEPT. B. 


1731 BELMONT —CHICAGO, U. S. A. 
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FOUR OUTSTANDING NEW BOOKS 


MATTER, MOTION AND ELECTRICITY. 
A Modern Approach to General Physics 


By Henry D. Smyru, Princeton University, and CHartes W. Urrorp, 
Allegheny College. In press—ready in August 


In this distinctive new book the authors’ purpose has been twofold: (1) to 


reat: review fundamental principles and definitions sufficiently to insure a solid 
this hase on which to build; and (2) to present the subject from a fresh approach 
wel that avoids a repetition of the conventional beginners’ course. 
tech: 
ism INTERNAL CONSTITUTION OF THE EARTH 
nent. 
djust Edited by B. GurenBere, California Institute of Technology. 401 pages, 
res: 6x9. $5.00 
This important new book is Volume VII of Physics of the Earth, a series 
with of monographs prepared under the direction of the various committees of the 
iding National Research Council. Preceding volumes have been published by the 
ostats Council. The present book gives a review of the features of the interior of the 
ye earth written by a group of distinguished geologists and geophysicists. 
to 
om THE PHOTOGRAPHIC PROCESS 
lectnic By Junian E. Mack and Mires J. Martin, University of Wisconsin. 
sted In press——ready in June 


embly Here is a unified modern treatment of the subject, presented simply enough for 
eth the general student, yet with sufficient scope and scientific rigor to justify its 
y, 


use in a college course in photography. 


a ELECTRICITY AND MAGNETISM. An Introduc- 
_ tion to the Mathematical Theory 

am! 

catalog By J. B. Warreneap, Johns Hopkins University. Electrical Engineering 
de wire Terts. In press—ready in August 


(his book represents a compact development of the physical theories of elec- 
iricity and magnetism beginning with the simplest manifestations of mechanical 
lorce by electrostatic and magnetic phenomena. 


Send for copies on approval 


McGRAW-HILL BOOK COMPANY, Inc. 


330 West 42nd Street New York, N. Y. 
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RESEARCH POLARIMETER 
(LIPPICH, TRIPLE FIELD) 


Designed optically and 
mechanically for analytical 
work of high order, this polari- 
meter accommodates tubes 
up to 40omm long. The large 
circle reads to .01°; lamps and 
magnifiers are built in. Ac- 
curacy and ease of setting are 
provided by the triple field 
feature. The dividing line 
disappears completely at the 
match point and the half- 
shadow angle is adjustable to 
0.1° over a range of 20°. 


Full details available on request 


THE GAERTNER SCIENTIFIC CORP. 


1212 WRIGHTWOOD AVENUE ° CHICAGO ° U. S. A. 


= Standard or Experimental 


6p RESISTORS 


ALL TYPES - ALL SHAPES ~ ALL SIZES 


Common resistor types made to uniformly high standards of quality 

. . or special resistors for unusual applications . . . whatever the 
units you need IRC can supply them. The following bulletins 
detailing various IRC resistance types are available upon request: 


BULLETIN No.1—Volume _ 6 std. sizes, any needed com- 
Controlsand Potentiometers. binations. 


BULLETIN No. 2—Metal- BULLETIN No. 4—Power 
Os Type Resistors. In- O Wire Wound Resistors. 
sulated 14,1 and 2 Watts; High Types from 10 to 200 Lge 
Frequency; High Range; High ‘xed and adjustable types, @ 
Frequency Power and High  ™ountings. Precision units, 14 
Voltage Power Resistors. types, 1/10 of 1% accuracy. 


[] BULLETIN No. 3—Insu- BULLETIN No.5 —Attenu- 


lated Wire Wound Resistors. areas. 
Type BW from 4 tol and2 []} BULLETIN No. 6—Power 
atts. Type MW 5 to 20 Watts, Rheostats. 


INTERNATIONAL RESISTANCE CO. 
419 N. Broad St., Philadelphia, Pa. 
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Vv 
iol diati 
for ultra-violet radiation 
» Complete — Laboratory outfit includes a.c. 5. Convenient — Uviarc outfit is portable and 
Uviare tube, reflector, stand and trans- self-starting; it can be used in any operating 
former. position at full efficiency. 
Efficient — Ultra-violet radiation per watt of 
electrical input exceeds that of other types 
of ultra-violet sources. Applications: The G. E. portable Uviarc outfit 
y+» Dependable — Radiation output during a = to use experi- 
relatively long operating period can be held ments in bacteriology, biochemistry, fluores- 
constant to better than + 2 per cent by cence, halogenation, hydrogenation, pharmacol- 
maintaining constant tube wattage. ogy, photochemistry, phototherapy, polymeriza- 
+ Durable — Rated operating life is 2,000 tion and spectroscopy. Write for a copy of de- 
hours, with an unusually slow rate of depre- scriptive bulletin. General Electric Vapor Lamp 
Ciation. Company, 835 Adams Street, Hoboken, N. J. 


ELECTRIC 
VAPOR LAMP COMPANY 
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Two Lucid Texts for Physical Science 


Survey of Physical Science 
for College Students—McCorkLe 


This text provides a three-hour course for one year. Material is presented 
simply and accurately and laboratory experiments suitable for classroom 
demonstration or individual work are given at end of each chapter. 
273 Illus. Appendices. Review Questions. 471 Pages. 
Washable Fabric $2.75 
By Paul McCorkle, Ph.D., State Teachers College, West Chester, Pa. 


The Physical World—HEIL 


This book is primarily for college students who desire some knowledge of 
physical science but do not intend to major in science. Rich in facts, it com- 
bines physics, chemistry and astronomy in a one year’s course. 
426 Illus. 566 Pages. Washable Fabric $2.75 
By L. M. Heil, Ph.D., Formerly of Ohio University 


P. BLAKISTON’S SON & CoO., INC., Pia 


DUO-SEAL TWO STAGE VACUUM PUMP 


This Vacuum Pump, although smaller than the 1405 which has made such 
phenomenal service and endurance records, has the same internal vane 
movements and other important mechanical features. 


FIVE SPECIAL FEATURES 


1. The proper pump speed is approximately 475 
R.P.M., which produces a free air capacity of nine- | 
teen liters per minute. | 


2. Each pump is tested on our certified McLeod 
gauges to less than 0.1 micron (.0001 mm Hg 
and many register less than .07 micron. 


3. The mechanical action is unusually quiet for 
a vacuum pump. 

4. The exhaust chamber is arranged for the col- 
lection of gases where this is desired. 
5. The oil level is visible and the 0! 


can -be conveniently drained. Positive 
oil seal—no oil can back up. 


Catalog lists over 10,000 item 
for Science Laboratories. 


WRITE FOR IT 


No. 1400B 


No. 1400B-DUO-SEAL VACUUM 


PUMP, Two Stage, Motor driven. Includes many new and interesting | 
Mounted on a cast iron base with 16 


pieces. 
H.P. 110 volt A.C. motor and V belt 


with belt tightening device. . Each, $85.00 W. M. WELCH SCIENTIFIC COMPANY 


No. 1400—-DUO-SEAL VACUUM 
PUMP, Two Stage, with pulley but with- Established 1880 S.A 
out belt, motor or base... . .Each, $60.00 1515 Sedgwick Street Chicago, Illinois, U. 5. * 


Please mention this journal when writing to advertisers 


r=, 
= 
y 
A 
eh 
It 
4 
Z 
\ ay | 
\ = AGG 
= = 
‘ 
v 


June, 1939 Vii 


INEW WILEY BOOKS 


Spring ~ Summer 1939 
Wavelength Tables 


Measured and Compiled under the Direction of 
George R. Harrison, Professor of Physics 
Massachusetts Institute of Technology 
\ systematic survey of spectrum lines giving intensities in are, spark, or dis- 
charge tube of more than 100,000 spectrum lines most strongly emitted between 
10,000 and 2,000 A by the atomie elements under normal conditions of excita- 
tion. In addition to the pages of data on the lines, the book has short tables 
wntaining lists of sensitive lines of the elements, and descriptive material 
iiterpreting the tables and telling how the measurements were made. 


To be Ready for Fall Use 


Spectroscopy and Its Applications 


Proceedings of the Sixth Summer Conference (1938) 
Edited by George R. Harrison 
This volume contains, in somewhat abbreviated form, the thirty-one papers 
which were presented during the three days of the 1938 conference on spectros- 
copy. Although space limitations decreed that not much more than half of 
the orally presented material be included, the condensations have been carried 
out by the respective authors, and little essential material has been omitted. 


Published in April; 172 pages; 71% by 10; 91 figures; $3.00 


Photography by Infrared 
By Walter Clark, Kodak Research Laboratories 
This is an important monograph, as complete as the resources of today permit, 
vntaining the fullest account of the history of infrared that has yet appeared. 
B li deals equally with the general practice of infrared photography, the ma- 
evials available, and the application of its methods to practically every field 
Vierein it has been used. 


Published in May; 397 pages; 103 illustrations; 61% by 914; $5.00 


Household Physics 


By Walter G. Whitman, Head of the Department of Physical Science 
State Teachers College, Salem, Massachusetts 
The third edition of ‘‘ Household Physices’’ constitutes a thorough revision and 
rewriting, and the content is now completely up to date. The book has had to 
be somewhat enlarged, due to the recent data which have been incorporated. 
The content follows along practical lines and includes much new equipment 
available today for the home. Three entirely new chapters are presented, 
dealing with ‘‘ Protection against Fire,’’ ‘‘ Visual Aids,’’ and ‘‘ Photography.’’ 


Ready in August; Approximately 490 pages; 6 by 9; probable price $3.00 


JOHN WILEY & SONS, INC. 
40 FOURTH AVE. ___NEW YORK, N. Y. 
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The Mines Building at Columbia 
and some of the melting units 
used in connection with Ajax- 
Northrup Furnaces. 
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| {NORTHRUP 
FURNACES 


The Departments of Mining Engineering 
and Metallurgy have used Ajax-Northrup 
Furnaces since 1928. 


The extent of use is illustrated by the pyra- 
mid of Ajax-Northrup coils (at the left) of 
various types and sizes covering every con- 
ceivable requirement for thesis and sam- 
pling work. 


In the laboratory for applied electrochemis- 
try smaller Ajax-Northrup Furnaces are 
used. A detail view of the accessory equip- 
ment is shown at the top right. 


AJAX-NORTHRUP MELTING FURNACE CAPACITIES: ONE OUNCE TO EIGHT TONS 


ELECTROTHERMIC 
CORPORATION 
AJAX: 
TRENTON, N. J: 
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That Publication Problem, Again! 


HE program of the Washington meeting of 
the American Physical Society listed the 
extraordinary number of 182 papers on recent 
research developments in all branches of physics. 
General trends in research may be judged by 
noting how these papers are distributed in sub- 
ject matter. We find 45 papers on nuclear physics, 
Y = on physics of metals, 29 on spectroscopy, 19 on 
electrical discharges, 12 on x-ray diffraction, at 
least 7 on Geiger-Miiller counters, a few on the 
nature of cosmic rays, a few on quantum me- 
chanical calculations and the remaining 30 in 
up general classical physics. The great interest in 
this new research and in the other phases of the 
meeting is attested by the fact that the registra- 

ra- B tion was well over 600 


publish a paper within a short time after receiv- 
ing the manuscript. However, with a given in- 
come from subscriptions there is only a finite 
number of pages which can be published in a 
year. Unlike some other institutions a journal 
must operate on a balanced budget. Because 
good and acceptable papers are being received 
at a much greater rate than the budget allows 
them to be published, there is grave danger that 
an unacceptable delay in publication time will 
result. Realizing this danger a special appropria- 
tion has been made to allow temporary relief by 
publishing an extra 16 pages per issue starting 
with the present issue and continuing for six 
months. This procedure cannot be continued. 

If the journal is to pub- 


of by the second day of 
the meeting. 

This increase in re- 
search activity has not 
confined itself to the 
field of 
pure ”’ 


the so-called DAVID SARNOF? 
physics. The 
Editor of the Journal of 
Applied Physics is be- 
coming increasingly dis- 
tressed by 


MCILWAIN 


the large 
good re- 
papers in ap- 
plied physics which are 
submitted for publica- 
tion but which he is un- 
able to puviish. A good 
scientific journal prides 
Itself on | ability to 


number of 
search C. GOLDMARK 
MORTON 


and F. E. SEITZ 


For July Television Issue 
Associate Editor—V. K. ZWORYKIN 


Probable Influence of Television on Society, by 


High Definition Television, by PIERRE MERTZ 
Survey of Television Pickup Devices, by KNOX 


Television Receiving and Reproducing Systems, 
by E. W. ENGSTROM 

Problems of Television Transmission, by PETER 

Electron Optics, by E. G. RAMBERG and G. A. 


Luminescent Materials, by H. W. LEVERENZ 


Also contributed original research. 


lish the worth-while re- 
search papers in ap- 
plied physics and be 
reasonably up-to-date 
we must have more 
subscribers. Since the 
journal is entirely a 
non-profit making ven- 
ture, the larger the 
circulation, the larger 
and better journal each 
subscriber will receive. 
We need your help. 
If every subscriber 
could obtain one other 
subscription our pub- 
lication crisis would 
be over. 

THE Epitor. 
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OMBUSTION processes present a variety 

of problems that require the application of 
numerous branches of theoretical and experi- 
mental physics. In the study of the self-ignition 
of combustible mixtures there arise gas kinetic 
problems of reaction rates and heat exchange. 
Studies of local ignition, as by a spark, and of 
the reaction zone in stationary and moving flames 
involve, in addition, kinetic problems of trans- 
port of heat and material particles. The absence 
of complicated disturbances in spherical flames 
and stationary flames of the Bunsen type make 
particularly suitable for fundamental 
studies of the progress of the reaction zone or 
flame front into the unburned gas. The con- 
siderable technical importance of stationary 
flames directs attention, among other things, to 


these 


problems of burner design, flame shape, stability 
and rigidity of the flame. Gas motion intro- 
duces additional problems in flame propagation 
which are of the greatest practical importance 
but are often too complex for theoretical analysis ; 
in this field photographic methods, particularly 
schlieren photography, have given valuable infor- 
mation. In the case of flames traveling in tubes 
with extreme velocity, known as detonations, a 
hydrodynamic analysis of the shock wave has 
succeeded in describing the essential features of 
the phenomenon without recourse to the chemical 
kinetics of the process. The flame formed between 
a stream of fuel gas and the atmosphere can, in 
the absence of turbulence, be rather well de- 
scribed by diffusion equations expressing the 
rates of intermixing of the two gases. Finally, 
thermodynamics in with band 
contents and 
dissociation equilibria of gases allows the ideal 


conjunction 


spectroscopic data of energy 


* Published by permission of the Director, Bureau of 
Mines, U.S. Department of the Interior, and the Director, 
Coal Research Laboratory, Carnegie Institute of Tech- 
nology (not subject to copyright). 

+ Physical Chemist, Explosives Division, Central Ex- 
periment Station, Bureau of Mines, Pittsburgh, Penn- 
sylvania. 

t Coal Research Laboratory, Carnegie Institute of 
Technology, Pittsburgh, Pennsylvania 
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Physics of Flames and Explosions of Gases* 


BY BERNARD LEWIS} AND GUENTHER VON ELBEf 


state of the burned gas to be calculated anq 
standards for the internal-combustion engine ty 
be determined; it has led to the discovery of 
deviations from equilibrium conditions in the 
burned gas. Important experimental methods 
for determining the state of the burned gas are 
measuremenis of explosion pressures, flame 
volumes and flame radiation. In the latter 
measurements are made of the radiation from 
the flame gases themselves or, as in the line. 
reversal method, from admixed metal atoms 
emitting in the visible part of the spectrum. 


1. Self-Ignition 


The explosive mixture 
enclosed in a vessel is found to depend on a 


self-ignition of an 


number of variables, namely, temperature, pres- 


sure, mixture composition, and in most cases 


also upon gas motion and vessel factors, such as 
size and the condition of the inner surface of the 


vessel. In some cases ignition can be produced 
by irradiation. Almost always a measurable time 


elapses before ignition occurs. This time, known 


as the induction period, may range from a 
hours. The 
phenomenon of ignition is understood to be the 


fraction of a second to several 


transition from a slow to a very fast and approx 
mately adiabatic chemical reaction. Two known 
processes bring this about. One is self-accelera- 
tion of the reaction by the heat developed unt! 
the rate of heat liberation exceeds the rate 0! 
heat loss to the surroundings, the so-called 
thermal explosion; the other is the formation of 
chemically active particles, such as atoms and 
radicals, at a rate that exceeds the rate 0 
their destruction, the so-called branched-chain 
explosion. 

A sharp division between these two types 
explosions cannot be made, since both process 
may occur simultaneously. However, a purely 
thermal explosion arises when the chemic# 
reaction is of a simple order, like a unimolecula! 
reaction for which there is evidence in th 
decomposition of azomethane! and ethy! azide.’ 
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The quantitative treatment* of the temperature- generally, however, a function of pressure in the 
time relations in the reaction vessel is based on sense that it increases with the latter, and of 
the equation for the rate of heat, g, accumulating temperature of the form e~*/*7. If Eq. (2) has a 
in the vessel, 023. real root in 7, the system will come to equi- 

librium at this temperature, and the reaction 
—aK(T- T»), (1) will proceed normally; but if for fixed values of 


and dt the other constants, the pressure or 7» is in- 
€ to creased sufficiently, the equation will have no 
+ ‘re Q is the heat of reaction per mole of gas . ws 
y al where is t real root, dq/dt will be always positive, the 
es se volume o e reaction ae 
the —— oa f ti temperature will increase and the process of 
vessel r of moles of reacting gas 
hods vessel, th self-acceleration of the reaction, 1.e., explosion, 
5 are per unit volume, : ae ag : T and r will set in. This shows that the ignition tempera- 
gas constan e wall area an 
lame R the gas consta d ture Ty) is lowered by increasing pressure and 
temperatures of the gas an e reaction 
itter, the temperature d dA a also by increasing vessel diameter which increases 
ssel, respectively, an an constants. 
from vessel, respectively, a ease 3 V more than a. A plot of ignition temperature 
line. fe #T=k, the reaction-rate coefficient. From 
d ; : vs. pressure may generally be expected to follow 
toms the equation —dm/dt=km, and assuming k to 


approximately an equation of the form log P 
=A/T,+B, where A and B are constants, the 
latter depending, among other things, upon 
vessel factors. The latter equation agrees with 


1 be constant during the induction period where 
the temperature rise is small, m=mpe~*', where 
m, is the initial molar concentration. The first 


xture » right side of Eq. (1) is the rate of 
on the right (1) many experimental observations, but since the 
on a heat production and the second term the rate of | Pier ai : 

, ray : case of branched-chain explosion where the active 
pres- B heat loss. On dividing the equation by the total species are destroyed at the wall of the vessel 
cases heat capacity of the gas in the vessel, it becomes 

yields a similar equation, this general form does 
ich as al equation connecting temperature with time. 
| I 

of the lis solution by numerical method leads to the 160 
duced result that above a certain sharply defined rd 

00 
> time initial pressure, i.e., mo, a sudden temperature 
now! rise corresponding to an explosion occurs after E WA 
om 4 an initial stage of slow temperature rise which 2 80 Z 

The may be regarded as the induction period. The ra Y 

be the loregoing illustrates the complexity of the quanti- 7 one! yeni 

proxi: lative treatment, even for the simplest case of = ee region 
a unimolecular reaction. In the more common Lower limit 
velera- case of a complex reaction mechanism involving 450 490 530 570 

: Ignition temperature, °C 
1 until a sequence of many elementary reactions, the 
ate of treatment becomes quite hopeless. One may _ Fic. 1. Low pressure explosion region of a stoichiometric 

verthel ‘ . mixture of hydrogen and oxygen. 
called levertheless appreciate the main features of the 
thermal theory by ati 
y the general formulation of ail ae 

ion not serve as a criterion to distinguish between 
is and ‘He explosion condition ; that is, at the boundary B : 
the thermal and branched-chain explosion. 
vetween nonexplosive and explosive reaction 
a the Many explosive mixtures exhibit an ignition 
‘Me rates of heat liberation and dissipation are 
; equal, viz phenomenon to which the thermal theory cannot 

apply. An illustration is given in Fig. 1 for a 
0! stoichiometric mixture of hydrogen and oxygen. 
Ocesst — r—aK(T—Ty)=0. (2) Here part of the ignition region is shown in a 
purely pressure-temperature diagram. If the mixture is 
emical ris the number of moles of gas reacting per unit admitted, say, to a quartz vessel at 530°C and 
lecular me and volume, and, in most instances, is a above about 60 mm Hg pressure, a slow reaction 

’ 

in the complicat and incompletely known function is observed. The reaction rate decreases on 
azide. “all the variables enumerated above. It is reducing the pressure, but on reaching about 60 
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mm explosion occurs. The mixture remains 
explosive down to very low pressures of the order 
of a few mm. The upper branch of the peninsula- 
shaped curve is called the upper explosion limit. 
The position of the latter is practically inde- 
pendent of vessel factors. It is evidently im- 
possible to fit these combined facts into a thermal 
theory, whereas the branched-chain theory lends 
itself readily to interpretation of the phenom- 
enon. Suppose an atom, H, is formed in the 
mixture by thermal dissociation. Then the 
following chain of reactions has a chance to occur. 


H+0.=OH+0, 
O+H2.=OH+H, 


In the second step an H is regenerated, and in 
the third step an additional H is formed. The 
chain has thus branched since both H atoms 
may repeat the same cycle. The concentration 
of H atoms thus increases at a rate d(H) /dt 
=a(H). If the reaction is to remain nonexplosive 
a chain-breaking reaction must operate by which 


mr 


——>_ GAS FLOW 


Fic. 2. Structure of flame front. Curves: m, =concentra- 
tion of reactants; m,=concentration of atoms and radicals; 
7’ =temperature; R=reaction rate. 


the H atoms are removed at the rate —d(H) /dt 
=B6(H), so that 8>a. If it is now assumed that 
a is independent of, and 8 proportional to, the 
pressure, then on lowering the latter, some 
critical pressure is reached at which a= and 
below which a> and explosion always occurs. 
The analysis of the reaction mechanism is based 


346 


Fic. 3. Successive snapshots of expanding flame in 
spherical glass vessel with central ignition. (Ellis). 


on a consideration of all imaginable reactions of 
such chain carriers as H, O, OH and HOs, and 
the experimental data lead rather uniquely to 
the above sequence of reactions and the following 
chain-breaking reaction 


where M is any third molecule. The radical HO, 
is removed by adsorption and self-neutralization 
at the wall before it can react appreciably in the 
gas phase. 

The phenomenon of the upper explosion limit 
is thus seen to be one of the most important 
sources of information concerning the reaction 
mechanism. The knowledge gained there lends 
material aid in understanding the behavior of 
the system in other pressure ranges. For example, 
if in the present case the pressure is lowered 
very much, another chain-breaking process comes 
into prominence which consists of the destruction 
of H, O and OH at the wall. Therefore, a lower 
limit of the explosion region is established when 
8 once more equals a. The position of this limit 
depends strongly upon vessel factors and gas 
motion. If, on the other hand, the pressure 1s 
increased above the upper limit, the chance of a 
gas-phase reaction of the radical HO: increases 
because of impeded diffusion and_ increased 
number of collisions, and a reaction whose rate 
depends on vessel factors and increases with 
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pressure is observed. If the pressure is increased 
sufficiently, a third explosion limit is reached 
which can again formally be described by the 
condition a=8 but whose position depends not 
only on vessel factors and gas motion but 
pre bably also on thermal factors. Thus, from the 
mechanism of the upper explosion limit the 
mechanisms of both the lower and third explosion 
limits are deduced, which otherwise would be a 


difficult task because of complications introduced 


by vessel factors and thermal effects. 

In other systems where no explosion limit 
exists that depends on reactions occurring ex- 
clusively in the gas phase, as in the combustion 
of hydrocarbons, the analysis of the reaction 
mechanism must draw largely on chemical facts. 
A detailed treatment of the subject of self- 
ignition is given elsewhere.‘ 


2. Ignition by Local Sources 


The dependence of the rate of the chemical 
reaction on the concentration of atoms and 
radicals provides an understanding of some 
interesting Observations on ignition by electric 
sparks. It is a well-known fact that sufficiently 
small sparks do not produce ignition; but the 
nature of the minimum requirements for an 
igniting spark long remained obscure. According 
to an earlier prevailing concept derived from a 
purely thermal theory of ignition, this minimum 
requirement involved only the establishment of 
some critical temperature in the sparked volume, 
which in turn was governed by the amount and 
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PRESSURE 


0 33 66 99 13.2 16.5 198 22.1 25.4x10™ sec. 
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(a) 


rate of release of energy. It has since been 
demonstrated, however, that an energy condition 
alone does not suffice but that the characteristics 
of the discharge play an important role. For 
example, in a carbon monoxide-oxygen mixture 
the addition of inductance to a high frequency 
spark lowers the amount of energy necessary to 
produce ignition. The explanation seems to be 
that essentially only that part of the energy 
that goes into the dissociation of molecules into 
atoms and radicals is available for chemical 
reaction, while energy of electronic excitation or 
of ionization is available for chemical reaction 
to a far lesser degree. As the average electron 
speed is lowered by the addition of inductance 
a larger percentage of the energy is used for 
molecular dissociations. 

Local ignition by a heated surface, particle, 
or wire often requires temperatures much in 
excess of the temperature range in which self- 
ignition occurs. For example, mixtures of 
methane and air that ignite spontaneously in 
vessels below 750°C require local temperatures 
generally above 1000°C and up to 1500°C, 
depending on many factors, such as the nature of 
the surface and its position. Convection currents, 
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+. Explosion of a mixture of 40 percent ozone and 60 percent oxygen in a spherical vessel with central ignition. 
-pressure record of the explosion. (b) Analysis of the record shown in (a). Radius of the sphere 15 cm. Total 
i time 16.5 10~% sec. Upper octant: Circles marked 16, 25, etc. indicate position of flame front in intervals of 
‘otal explosion time. P = pressure throughout the vessel; 7u=temperature of unburned gas; Tb=temperature 
d gas adjacent to the flame front; Su=burning velocity. The values correspond to the indicated positions of 
e front. Lower octant: Solid circles 1i, 2i, etc. indicate volumes occupied before combustion by gas burned at 


1b, 2b, etc. Dotted circles le, 2e, etc. indicate corresponding volumes after the flame has reached the wall. Te= 
‘ure at positions le, 2e, etc. 
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dilution and time of contact contribute to this 
difference. 

The quantitative treatment of the problem of 
local igintion is not possible at this time® because 
of the complexity of the process, as is readily 
appreciated from a consideration of the various 
interdependent factors involved; namely, the 
reaction rate with its complicated dependence 
on temperature and concentration of active 
particles, the diffusion of the latter and the 
transport of heat by conduction and convection. 


3. Flame Propagation 
(a) FLAME FRONT 


There is a definite range of percentage of 
combustible gas below and above which a flame 
does not propagate in the mixture. In such 
mixtures the strongest source of ignition may 
cause a flame to form in its neighborhood, but 
the flame is extinguished on removing the source. 

Flame propagation is always accompanied by 
gas movements which often lead to complicated 
disturbances such as the acceleration of flame 
in tubes. However, if the gas movement is known, 
as in Bunsen flames or spherical flames, the 
so-called burning velocity, which is defined as 
the rate of progress of the flame relative to the 
unburned gas, may be measured. It is difficult 
to investigate experimentally the structure of 
the zone of reaction or flame front which sepa- 
rates the unburned from the burned gas because 
of its extreme thinness. In this zone there must 
exist rather sharp gradients of temperature and 
concentrations of the reactants and the products 
of combustion, and the rate of reaction must be 
very rapid. If, for example, the thickness of the 
reaction zone is estimated to be not greater 
than 10°? cm, then for a burning velocity of 5 
to 10 meters per second the reaction is completed 
in the zone in less than 10~° sec. Such reaction 
rates require high concentrations of atoms and 
radicals. Since the latter concentrations are for 
all purposes zero in the unburned gas and small 
in the burned gas where equilibrium conditions 
are substantially established, they must reach a 
maximum within the reaction zone. The well- 
known C —C or Swann bands and C —H bands in 
flames of organic gases and vapors furnish an 
example of the existence of such localized con- 
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. centrations of radicals. Since the gases within the 


reaction zone are far from thermodynamic equi- 
librium, it is not surprising to find the radiation 
far more intense than corresponds to thermal 
radiation at the temperature of the burned gas,* 
A generalized qualitative representation of the 
structure of the reaction zone is shown in Fig, 2, 

In the qualitative treatment of the burning 
velocity the reaction zone is placed at the zero 
position of a rectangular coordinate system 
with the unburned gas entering from one side at 
a rate equal to the burning velocity, all gradients 
of temperature and concentration remaining 
constant. The problem consists of solution of the 
steady-state equations of heat transfer and 
transport of all species present; in addition, the 
reaction mechanism and the probabilities of the 
elementary reactions must be known. In most 


cases the problem is at present far too compli- 


cated for solution. Using simplifying assump- 
tions, the authors made calculations‘ for ozone 
flames which gave burning velocities of the order 
of those observed and led to values of the width 
of the flame front of the order of 10-* cm and 


Fic. 5. Flame with vertical wire obstruction in gas stream. 
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to maximum concentrations of oxygen atoms 
amounting to substantial fractions of the initial 
ozone concentrations. 

In earlier treatments the problem was con- 
sidered as one involving only heat flow. As the 
unburned gas enters the reaction zone it is heated 
up to. a temperature called the ignition tempera- 
cure at Which the reaction becomes so fast that 
during the further travel of the gas element the 
percentage of heat evolution is commensurate 
with the percentage of distance traveled within 
the reaction zone. Somewhere along the temper- 
ature gradient in the reaction zone such a point 
exists, but it is evident from Fig. 2 and Section 1 
above that values of the ignition temperature as 
defined here cannot be obtained from inde- 
pendent experiments on the self-ignition of gases. 
Nevertheless, this method, with further simpli- 
fying assumptions concerning the rate of heat 
evolution in the various layers of the reaction 
zone, leads to a simple equation of the burning 
velocity from which a number of conclusions 
can be drawn that are in semi-quantitative 
wreement with the facts.‘ 


(b) SPHERICAL FLAMES 


A freely expanding spherical flame is obtained 
by blowing a soap bubble? with an explosive 
mixture and igniting near the center with a 
small spark. The strength of the soap film is 
insignificant; and, except for mixture composi- 
tions near the limits of inflammability, the flame 
is usually fast enough to prevent the formation 
of disturbing convection currents. The difference, 
4p, of the pressure inside the flame and the 
iimosphere is found from hydrodynamical 
considerations to be 


3y Sp? Pb Pb 
2 Pu 3 pu 


\here p is the pressure of the surrounding 
ilmosphere, y the ratio of specific heats of the 
unburned gas at constant pressure and volume, 
‘, the speed of flame in space, c, the velocity of 
sound in the unburned gas, and p, and p, the 
densit-s of the burned and unburned gases, 
vely. In carbon monoxide-oxygen mix- 

seldom exceeds 12 meters per second. 

value of c,=330 meters per second, 


respe 
lures 


Using 
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Ap turns out to be less than 0.25 percent of the 
pressure of the surrounding atmosphere. 

If the flame front is considered to be a geo- 
metric surface, which is a justifiable approxi- 
mation, the mass of unburned gas entering it 
at any instant may be equated to the mass of 
burned gas leaving it. Thus 


PuSu= pod, (4) 


where S, is the burning velocity. If the slight 
density changes that occur in the burned gas 
during the combustion process because of cooling 
and establishment of thermodynamic equilibrium 
are neglected, then 


5S, a* 


A} 


where a is the initial diameter of the soap bubble 
and A the final diameter of the flame. To 
measure A and S, the mid-section of the bubble, 
preferably along the vertical axis, is focused on 
a film moving at right angles to it. A triangular 
flame trace is obtained, the angle of which 
determines S, and the base of which, A. 

A spherical. flame is also obtained on igniting 
a quiescent mixture at the center of a spherical 
vessel. If the flame is not too slow, the convective 
rise of the hot gas is inappreciable, and it 
remains well-centered in the vessel, arriving at 
the wall practically simultaneously at all points. 
This is illustrated in Fig. 3 by a series of succes- 
sive snapshots taken through a glass sphere. 
The slight imperfections may be attributed to 
the ignition rod and inhomogeneities in the 
glass. As the flame progresses the pressure 
increases but the flame speed is usually slow 
enough to insure substantial equalization of 
pressure throughout the vessel at any instant. 
In the faster burning mixtures, pressure waves 
appear toward the end of the process. Maximum 
pressure is established coincidentally with arrival 
of the flame at the wall. 

In contrast to the case of freely expanding 
flames the burning velocity may always be 
expected to increase during the process because 
as the flame progresses the pressure and the 
temperature in the unburned gas _ increases 
because of adiabatic compression. A peculiar 
feature of the process is the establishment of a 
temperature gradient in the burned gas, the 
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temperature being highest where ignition oc- 

curred (at the center) and lowest at the flame 

surface. This is generally true for local ignition 

in closed vessels of any shape and may be 

understood from a consideration of the initial 

and final stages of the process. At the point of 

ignition a gas element expands at the initial 

pressure Pi and is 

subsequently com- 

pressed to nearly its 

original volume at 

pressures increasing 

from Pi to the final 

pressure Pe as the 

rest of the gas in the 

Fic. 6. Shadow -yessel burns. This 

latter work of com- 

from a tube. pression exceeds the 

former work of ex- 

pansion. On the other 

hand, a gas element 

near the wall is first 

compressed from Pi 

to ‘Pe and then on 

burning expands at 

the pressure Pe to 

nearly its original volume. The latter work of ex- 

pansion is larger than the former work of compres- 

sion. Thus, the gas at the wall loses some of its 

energy while that at the center gains energy in 

excess of the chemical energy released within it. 

Calculations show that the difference in temper- 

ature between the gas at the center and at 

the wall always amounts to many hundred 

degrees centigrade. This has been verified 
experimentally.® 

In deriving quantitative relations between the 

amount of gas burned, the pressure, and the 

temperature distribution in the vessel, use is 

made of the equation of adiabatic compression, 

the constancy of total volume, and of energy 

relations.*: Heat exchange between adjacent 

elements of gas may be neglected, an assumption 

consistent with experimental pressure records 

(see Fig. 4(a)), which show cooling to be a very 

slow process compared with the combustion 

itself. The treatment is simplified further by 

taking the heat capacity of the burned gas as 

constant and equal to the average value between 

the lowest and highest temperatures attained by 
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it; a similar assumption is made for the unburned 
gas. The burning velocity at any instant can be 
determined from the observed rate of rise of 
pressure. 

The results of the analysis of a pressure record 
of an explosion of a mixture of 40 percent ozone 
and 60 percent oxygen in a sphere of 15 cm 
radius is given in Fig. 4(b). 

The high temperature established at the point 
of ignition toward the end of the explosion pro- 
vides an explanation for the commonly observed 
re-illumination of the gas around the ignition 
source in the later stages of the process, while 
the gas that burned last remains dark. 


(c) STATIONARY FLAMES 


If an obstruction such as a wire is introduced 
into a gas stream, eddies or vortices are formed 
on the downstream side. If the stream is a 
combustible gas mixture, a flame that ordinarily 


| 


Fic. 7. Diagram of Bunsen-burner flame. 
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would be carried away by the stream often can 
attach itself to this zone of turbulent wake behind 
the obstruction, the downstream velocity of 
which is much less than that of the stream itself. 
The wake serves as a fixed source of ignition, 
maintaining combustion with fresh mixture 
drawn into it and igniting neighboring gas ele- 
ments in the stream. The simultaneous move- 
ment of the flame to the outer boundaries of the 
stream and the movement of the stream itself 
result in the formation of a conical stationary 
flame front with its apex at the obstruction, as 
illustrated in Fig. 5. The burning velocity of the 
mixture in this example is small, and the flame 
is swept away when the wire is removed. 
Another zone of eddies is always formed at the 
boundary of the stream with the surrounding 
atmosphere from the rim of the orifice upward. 
In this zone mixing of the gas with the atmos- 
phere takes place. This zone increases in thick- 
ness and the diameter of the stream decreases as 
the latter moves upward. Fig. 6 is a shadow 
photograph showing this. Along this zone a 
flame may travel downward to the rim of the 
orifice, provided dilution of the gas in the 
boundary layer has not rendered the mixture 
noninflammable, as in the experiment shown in 
Fig. 5. In sufficiently rich mixtures the flame 
travels downward to the rim where it becomes 
permanently attached and serves as the base of 
the well-known Bunsen-burner cone. Fig. 7 is a 
diagrammatic sketch of a Bunsen-burner flame. 
Iynition occurs a little above the orifice along 
the circle 00. From here the flame travels inward 
with the burning velocity S, and upward with 
the gas velocity U,. The resultant movement of 
the flame front is along the surface of the cone 
terminating at the apex. U, increases from the 
wall to the center of the tube according to some 
parabolic distribution indicated by arrows. The 
shape of the cone can be calculated from knowl- 
edge of the flow distribution and the condition 
that at the surface of the cone the normal 
component of the gas velocity equals the burning 
veloci'y. The latter condition is expressed by 


US 
ctn a= +( -1) (6) 


u 


Where « is the angle of the direction of the gas 
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Fic. 8. Flame with ring obstruction in gas stream. 


flow with the flame front. The negative sign 
describes the inverted cone demonstrated in 
Fig. 5. After passing through the flame front 
(cone surface) the gas flow undergoes a change 
in direction described by the equation of con- 
tinuity 
p,U, sin a=p,U, sin (7) 
Since the thickness of the flame front is negligible, 
U,, cos a= U;, cos 8B, (8) 


which on combining with Eq. (7) gives the 
following simple relationship for the refraction of 
the gas stream in the flame front. 


Pu tan 8 
(9) 


pp tana 


8 may be measured by adding fine particles of 
carbonaceous material to the gas stream, which 
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at the base of the cone by 
intermixing with the sur. 
rounding atmosphere), meas. 
urements of the total area 
and total gas flow are used to 
determine average burning 
velocities. The results are 
affected by experimental 
conditions, such as flow and 
orifice; but with reasonable 
precautions the discrepancies 
are not serious, and_ the 
method is a convenient one 
for comparative studies. 

The stability of a Bunsen 
flame is greater the greater 
the burning velocity in the 
boundary layer. The rigidity 
of the flame increases with 
flow velocity. Particularly 
noteworthy for their stability 
and rigidity are fuel-oxygen 
torch flames. 

If the boundary layer is 
nonexplosive an upright cone 


Fic. 9. Successive snapshots of flame of 10 percent CHy-air mixture. (a) may still be obtained by 
Horizontal propagation of flame in glass tube 5 cm in diameter. (b) Same as P ¢ 
(a) in glass tube 24 cm in diameter. (Coward and Hartwell). 


become incandescent. @ is easily measured and 
p, is known. It is then possible to determine py», 
thus obtaining information concerning the burned 
gas by comparison with thermodynamically cal- 
culated values. To date no use has been made 
of this method. The flow lines curve upward, 
as shown by the curves 0 0’, because an element 
of burned gas on moving away from the axis of 
the burner finds more room for expansion and 
thus suffers a decrease of its velocity component 
normal to the tube axis. 

If the burning velocity were constant over the 
whole area of the cone, the tip would be sharp. 
However, a gas element at the tip receives heat 
and atoms and radicals from neighboring ele- 
ments, thereby increasing its burning velocity, 
which causes a rounding off of the tip until 
equilibrium is established. At the highest point 
of the tip the gas velocity equals the burning 
velocity. 

Although the burning velocity is not constant 
over the whole area (another disturbance occurs 
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placing a ring withadiameter 
smaller than the orifice con- 
centrically within the gas stream, as illustrated in 
Fig. 8. In slow burning mixtures the flame is 
not in direct contact with the obstruction. The 
principle of forming cones by obstructions is 
used in the Méker burner which can maintain 
flames with far weaker mixtures than can be 
used in the Bunsen burner. A cone is formed 
over each opening of the mesh. 


(d) INFLUENCE OF VESSEL SHAPE AND 
GaAs MOTION 


In vessels whose dimensions do not differ 
greatly in any direction, such as a cube or a 
wide. short cylinder, essentially the same phe- 
nomena are encountered as in spheres, the flame 
being spherical initially and conforming to the 
shape of the vessel in the later stages. In tubes, 
however, a number of new phenomena are 
encountered. In tubes closed at one end, ignition 
at the open end frequently results in a flame that 
travels at a constant rate over some distance, 
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then accelerates, often giving rise to a vibratory 
movement, and, if the mixture composition lies 
between certain limits, ending in a detonation 
wave. The initial constant rate is found to differ 
according to the direction of flame travel, being 
larger for upward than for downward propaga- 
tion, and to increase with increasing tube 
diameter. It is frequently difficult to reproduce 
in successive experiments. The basic cause for the 
different behavior of flame in tubes compared 
with spheres and similar vessels lies in the dis- 
tortion of the flame front induced by the gas flow 
accompanying flame movement and by pressure 
waves which are reflected back and forth in the 
tube. This is illustrated in Fig. 9. Fig. 9(a) shows 
snapshots of the flame during the period of 
constant rate. The flame surface retains for a 
while an approximately constant shape and tilt, 
hut this is not a stable condition. As the flame 
surface increases because of further distortion the 
combustion, and therefore the flame travel, is 
speeded up correspondingly. In 9(b) the same 
mixture is ignited in a larger tube. The snapshot 
in position 1 shows an almost hemispherical 
lame front, which in position 2 has become 
nodular, corresponding to an accelerated rate of 
travel. In subsequent positions the flame has 
become even more tilted and distorted. It has 
leen demonstrated that very high rates of flame 
travel can be obtained even in normally slow 
burning mixtures if the tube diameter is large. 
This is of greatest importance for explosion 
hazards in confined and even vented passages 
such as in mines and tunnels. The speed may 
increase so that the pressure is no longer equal- 
ied, a phenomenon referred to as “pressure 
piling.” Thus, it is often found that in disasters 
the greatest damage is done in a zone farthest 
irom the ignition point. 

An example of ignition in a closed tube is 
shown by the series of successive snapshots in 
rig. 10. Ignition spreads from the top of the 
tube downward initially in the expected regular 
Manner, compressing the unburned gas ahead. 
As the flame progresses expansion must take 
place predominantly into the volume occupied 
by the burned gas in the upper part of the 
‘he resulting gas flow is greatest in the 
“enter ecause of friction at the wall and thus 


Vessel 
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leads to the formation of a cone of increasing 
steepness, similar to the Bunsen cone. 

If the gas is set in turbulent motion as by a 
fan, the flame area becomes strongly distorted 
and very fast flames can be produced. This has 
been made use of in cylinder-head design in 
internal-combustion engines in order to produce 
a flame fast enough to keep up with the speed 
of the engine and to combat knocking com- 
bustion. 


(e) DETONATION 


When highly reactive inflammable gas mix- 
tures between certain limits of composition are 
ignited at one end of a tube, the ends of which 


Fic. 10. Successive snapshots of a flame in a closed 
glass cylinder. Diameter 5 cm, length 19.5 cm. Ignition by 
spark on top. Moist 9.1 percent CO—QOz, mixture. (Ellis). 


may be open or closed, the initial slow movement 
of the flame accelerates rapidly to a high speed 
which remains constant thereafter, regardless of 
the length of the tube. While it is possible to 
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induce temporarily faster flames by means of 
superimposed powerful shock waves, this con- 
stant rate represents the upper limit that a 
particular gas mixture can maintain. The re- 
action zone traveling at this constant speed is 
referred to as the detonation wave. Velocities of 
1000 to 3500 meters per second are observed, 
depending on the gas mixture and independent 
of the tube diameter if this is larger than a 
small limiting value. 

The formation of a detonation wave can be 
visualized by considering the mechanism of the 
formation of an impact wave in a neutral gas in 
tubes. Consider a long tube closed by a piston 
(Fig. lla), and impart a small velocity dw to 
the latter. This movement produces a weak 
compression wave in the gas that travels from 
left to right with the velocity of sound. At a 
given instant (11b) the gas to the right of the 
wave is unchanged and at rest, while the gas 
between the wave front and the piston is com- 


pressed adiabatically by an amount dp and has © 


a velocity dw. The velocity of the piston is now 
increased by another increment dw, whereby a 
second compression wave is produced in the gas 
(lic) whose velocity is larger than sound 
velocity in the undisturbed gas since it is travel- 
ing in the compressed gas at a higher tempera- 
ture. By frequent repetition of this procedure the 
velocity of the piston is brought to the final 


Fic. 11. Diagrammatic sketch of formation of impact 
wave. (Becker). 


velocity w, and there is produced within the 
mass of gas a steplike set of waves, the particles 
in the upper step having the velocity w (11d). 
Since the upper steps have a greater velocity 
than the lower steps, they will draw together 
(1le and f). They finally merge to form an 
impact wave with extremely steep pressure and 
temperature gradients in its front. If the move- 
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ment of the piston is continued at the velocity y 
a column of gas of ever-increasing length js 
pushed ahead at the same velocity w; work 
must constantly be performed by the piston jp 
order to compress and set in motion this lengthep. 
ing gas column; the impact wave forms the head 
of this column and travels with a constant but 
greater velocity than the column of gas behind it. 
To an observer moving with the wave the gas 
enters it with a velocity u, and leaves it com. 
pressed at the smaller velocity u2. w is given by 


W=U,— U2. (10 


If the piston were suddenly stopped, a zone of 
rarefaction would form at the face of the piston 
and gradually spread into the compressed gas 
ahead. The zone of rarefaction would itself have 
a definite front and would travel as a rarefaction 
Wave pursuing the impact wave, which it would 
finally overtake. Both would then proceed 
forward together at decreasing speed and ulti- 
mately would degenerate to a sound wave. 

If such an impact wave is formed in a highly re- 
active combustible mixture the extreme condi- 
tions in the wave will cause ignition and thus a 
reaction zone is coupled with the wave. The 
work for the maintenance of the wave will now 
be furnished by the expanding flame gases pro- 
vided the reaction proceeds at a certain minimum 
rate. 

The detonation wave may be initiated in 
various ways, as, for example, by the shock wave 
from a charge of high explosive, even if the charge 
is separated from the combustible mixture by a 
column of neutral gas. The acceleration of a flame 
in a tube as described above also ultimately 
produces a shock wave in a manner similar to 
the piston. In such experiments it is sometimes 
possible to induce a detonation wave some 
distance ahead of the flame. This is illustrated 
in Figs. 12(a), (b) and (c). Fig. 13 is an analysis 
of Fig. 12(c). Sometimes several such auto- 
ignitions ahead of the flame are observed it 
regular succession. In such instances there is 4 
deceleration of the flame, probably caused by a! 
insufficient reaction rate; the impact wave 
travels ahead, and a new ignition occurs within It 
In most cases, however, the flame overtakes the 
train of compression waves ahead, ‘merging them 
into the detonation wave. An example is give! 
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in Fig. 14(a), (b) and (c), 14(c) being an analysis 
of 14(a). 

In certain mixtures, particularly mixtures of 
oxygen with carbon monoxide or methane, a 


(c) 
Fic. 12. Detonation of moist 2 CO+O, mixture in glass 
tube of 1.3 em diameter. (a) Shadow photograph of a 


compression wave with flame about 1 meter behind it 
towarl the right and not shown in photograph). (b) 
Same wave, shortly before ignition, with flame about 10 
em behind it. (The criss-cross pattern is due to strains in 
the glass.) (ce) Direct photograph of track of flame in (a) 
and (b). Film moving upward; flame moving right to left. 
Flame enters picture in upper right-hand corner with 
ivisille slower traveling compression wave ahead. Ignition 
occurs in latter 6.37 em ahead of flame. In the burned gas 
Compression waves are visible as luminous tracks. (Bone, 
Fraser and Wheeler.) 


striking phenomenon accompanies detonation. 
A luminous zone appears in the wave front which 
occu es only a fraction of the cross section of 
the (he and describes a helical path in the latter 
alony the surface, being able to mark its track 
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in a film of deposited dust particles. Fig. 15 is a 
photograph showing such a track of spinning 
detonation traced in a film of lead dust. Fig. 16 
is a direct photograph of the track of a spinning 
detonation wave. This picture is the continuation 
of the explosion shown in Fig. 12(c) after the 
stable detonation wave had been set up some 
25 cm to the left of the latter picture in which the 
beginning of the spin is already 
observable. It showsnot only the 
sinuous track of the spinning 
flame front (44,300 revolutions 
per sec.) but also two sets of striae crisscrossing 
and producing at their crossing points the impres- 
sion of horizontal bands or ‘“‘tails’’ emanating from 
the troughsof the undulations. Thislooksas though 
the detonation consisted of a number of partial 
explosions following each other with a frequency 
twice that of the spin. The striae in the forward 
direction could then be luminous particles travel- 
ing forward in the rear of the wave and the 
striae in the backward direction compression 


waves traveling against the flowing burned gas. 


An example of a common type of detonation 
is shown in Fig. 17 for a hydrogen-oxygen mix- 
ture. The striae in this instance are produced by 
luminous lead particles moving with the gas 
behind the wave front. 

Calculation of the velocity D of the detonation 
wave is based upon the consideration that the 
process is stationary with respect to a coordinate 
system moving with the wave front and that, 
therefore, the masses, momenta and energies of 
the gas passing through a plane 1 in front of 
and a plane 2 behind the wave front must be 
equal. This leads to 


—pi\} 
p=» (11) 
Vi—Ve 


and the difference in internal energy AE of the 
gas in the planes i and 2 caused by compression 


AE=}3(pit p2)(vi—22), (12) 


where v; and v2 are the specific volumes and ~; 
and 2 are the pressures in the two planes. 
Further, 
AE=C,(T:—T;) —AE., (13) 


where AE, is the energy released in the chemical 
reaction and C, is the mean specific heat of the 
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burned gas at constant volume between 7; and 
7. T, may be eliminated by the gas law 


pove= noRT >, (14) 


where m2 is the number of moles per unit mass of 
the burned gas. 

v1, Pi. 11, AE, C, and nz are known quantities. 
eqs. (11) to (14) do not yet allow a solution 
because they contain five unknowns, D, po, v2, T2 
and AE, but they may be used to construct a so- 
called Hugoniot curve (Fig. 18) which is the 
curve of all pairs of values of po, ve consistent 
with the known quantities. Point A corresponds 
to pi, v1; point G corresponds to a pressure pe 
obtained by burning the gas adiabatically in its 
own volume (v;=%2), that is AE=0; and point F 
corresponds to combustion at constant pressure 
with an increase in volume corresponding to the 
work done —AE= —p(v,;—v2). The part of the 
curve between G and F is imaginary. In a neutral 
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Fic. 13. Analysis of Fig. 12 (c). Flame enters at a speed 
of 1275 m/sec. At the point of ignition ahead, two new 
flames start; one moves forward at an initial speed of 2380 
m/sec., Which quickly rises to 3260 m/sec., and the other 
at an average speed of 350 m/sec. The latter shortly meets 
the original flame, giving rise to a compression wave 
traveling through the burned gas at 875 m/sec. Two other 
Waves are set up, one at the point of ignition and the other 
just ahead of it, both eventually traveling at 1320 m/sec. 
The detonation wave slows down and passes out of the 
picture at a decreasing speed of 1980 m/sec., and eventually 
reaches its normal constant velocity of 1760 m/sec. This 
occurs ca. 25 cm to the left of the photographed tube 
section. (See Fig. 16 for later history of the detonation 
wave). (Bone, Fraser and Wheeler.) 
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(a) (b) 


Fic. 14. Direct photographs of development of detona- 
tion in glass tubes. (Dixon.) Film moving downward 
Ignition at a few inches from right closed end of tube. 
Flame moves to right and left, accelerating rapidly toward 
the left. Compression waves are visible in the burned gas. 
(a) 33 percent C2N2.—Oy, mixture. (b) 16.6 percent CS,—0, 
mixture. (c) Analysis of (a). From ignition source A two 
compression waves AE and AB travel through the un- 
burned gas. AE is reflected at end of tube £ and at the 
flame front G, slowing down the latter; this recurs several 
times. The compression wave EG is refracted at the flame 
front G, travels through the burned gas and overtakes 
and accelerates the flame front AC. It is again reflected at 
this point; cf. (b) The detonation wave develops at C near 
the point where the flame front meets the compression 
wave AB; at the same time, a recoil or ‘‘retonation’’ wave 
CD travels through the burned gas. 


gas, that is, for AE.=0 and nz=mn,, points G 
and F would merge with A. If B is a point on 
the Hugoniot curve and @ the angle BA p,, then 
according to Eq. (11) 


D=p,(tan (15) 


The point corresponding to actual detonation 
must lie on the branch from G upward because 
it represents an increase in pressure and decrease 
in volume. According to the generally accepted 
result this is the point of contact J of the tangent 
drawn from A. This was first demonstrated by 
Jouguet and Becker.'® The former pointed out 
that point J corresponds to a maximum velocity 
because above this point any rarefaction wave 
would overtake and slow down the detonation 
wave. Becker supplemented this by showing that 
of the two points B and C, corresponding to a 
given a, the entropy of the gas is always smaller 
at C; and since the burned gas, in the moment of 
its formation, will tend toward the greatest 
probability in the statistical mechanical sense, 
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ie, greatest entropy, it will tend to reach 
point B. The result is that the detonation wave, 
being mechanically unstable above J and thermo- 
dynamically improbable below J, will only find 


hyo. 15. Helical path traced by spinning detonation wave in 
elass tube covered with lead dust. (Bone and Fraser.) 


it possible to travel with a speed corresponding 
to point J. A different proof has been given by 
Scorah'! who showed that at point J the wave 
proceeds at that speed which allows the greatest 
degradation of each unit of energy supplied to 
the wave, which makes point J the. stable one 
from thermodynamic principles. 

The theoretically calculated velocities of the 
detonation wave agree, very well with the ob- 
served values.‘ This also applies to the flow 
velocity w of the gas behind the wave front, 
which can be measured from the path of luminous 
particles behind the wave front (see Fig. 17); 
w is given by the equation 


(16) 


which is derived from the equations for con- 
servation of mass and momentum. 

While the mechanism of spinning detonation 
is not clear, a discontinuous progress of detona- 
tion can be visualized according to Becker as 
follows. A detonation wave started at point B 
of the Hugoniot curve will decrease in velocity 
to the normal detonation wave at point J. It 
may be possible that the reaction velocity suffices 
for the forced detonation at B but not for the 
normal one, the temperature and pressure being 
higher than at J. Under such circumstances the 
detonation would generally be terminated on 
approaching J. If now the termination point 
would be at a comparatively small distance 
above J it is conceivable that detonation ceases 
lor « short moment but that the impact wave 
arisin. from the still rather fast reaction starts 
ane detonation a short distance ahead of the 
lame front, which again soon ceases and the 
“proces is repeated. This would be a rhythmic 
repel ion of the process shown in Fig. 12(c). 
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(f) DirrusIOon FLAMES 


If a flame is formed between the atmosphere 
and a stream of fuel gas, the process which deter- 
mines the rate of combustion is the diffusion of 
the two gases into each other. The theory of 
such flames can therefore be given, without 
regard to reaction rates, purely on the basis of 
diffusion equations. In such an investigation 
which has been carried out by Burke and 
Schumann,” experiment and theory have been 
found to be in satisfactory agreement with regard 
to the size and shape of the flame as a function of 
gas flow, type of orifice, temperature, gas com- 
position and concentration gradients of com- 
bustion products and fuel gas in the flame. 

Diffusion flames are probably the most 
common type of combustion, the flame of a 


Fic. 16. Direct photograph of track of spinning detona- 
tion wave. Film moving upward, flame entering at upper 
right. See text for explanation. (Bone, Fraser and Wheeler.) 


match or a candle being excellent examples. 
The reader is referred to the original paper for 
the mathematical treatment. Diffusion flames of 
hydrocarbons and air have found industrial | 
application because they provide large surfaces 
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of intense radiation from the incandescent carbon 
formed in the flame. 


4. State of the Burned Gas 


Calculated explosion pressures* using energy 
contents and equilibrium data determined from 
band spectroscopy generally agree rather well 
with experimental explosion pressures deter- 
mined in spherical vessels with central ignition. 
However, with some diluent gases, notably excess 
oxygen and nitrogen, pressures exceeding the 
theoretical by several percent are found which 
are outside the experimental error. In such cases, 


Fic. 17. Direct photograph of detonation wave in 
5H2+0O, mixture. Film moving upward, flame moving 
from right to left. Speed of wave ca. 3500 m/sec. Striae are 
luminous lead particles moving with the gas behind the 
wave front. Note reflection of the wave at closed end of 
tube at the left and reversal of direction of the lead parti- 
cles. Black strips are paper markers wrapped around tube. 
(Lewis and Friauf.) 


therefore, thermodynamic equilibrium is not 
attained everywhere in the gas at the end of 
the explosion; there exists a momentary excess 


* For method and details consult reference 4. 
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of translational energy and a_ corresponding 
deficiency of internal energy which is probably 
mostly confined to vibrational degrees of freedom. 
As the flame progresses the effect should die out 
in the central portions of the burned gas, and at 
the end of the explosion it should be strongest jn 
the layers of gas close to the wall. If the rate of 
decay of the excess translational energy has a 
temperature coefficient it is conceivable that in 
mixtures having sufficiently low flame tempera- 
tures the decay in the central portions of the 
burned gas is slow at first and becomes very 
rapid in the later stages of adiabatic compression 
which, as mentioned above, increases the core 
temperature by several hundred degrees. The 
rapid decay can accelerate the volume shrinkage 
in the core and thus increase the mass movement 
of the gas and give rise to pressure waves. Such 
pressure waves are always observable in weak 
mixtures containing excess oxygen or nitrogen 
within certain concentration limits. An example 
is shown in Fig. 19. It is observed that the 
pressure waves begin long before maximum 
pressure is established during a period of com- 
paratively slow rate of pressure rise. The absence 
of pressure waves in the much faster explosion 
shows that the pressure waves are not the result 
of flame movement per se. The temperature of 
this explosion being higher, the decay of excess 
translational energy occurs rapidly in the core 
already in the early part of the explosion. If the 
nitrogen in the two explosions is replaced by 
oxygen, the record of the fast explosion remains 
practically unchanged, but the pressure waves in 
the slow explosion now become so violent, start- 


Fic. 18. Hugoniot curve. 
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ing very early, that it is impossible to obtain a 
record and the recording system may be damaged. 
In a number of investigations of flame tem- 
peratures using the sodium line-reversal method, 
temperatures higher than the theoretical have 
heen measured.‘ Since the D levels of the sodium 
atom are excited by collision it is reasonable to 
assume that this effect is again caused by the 
momentary excess of translational energy. 


5. Incomplete Rotational Excitation in Diatomic 
Gases at Ordinary Temperatures and 
Pressure 


Some recent studies of flame propagation in 
closed vessels indicated that the adiabatically 
compressed unburned gas surrounding the flame 
attained a temperature higher than that corre- 
sponding to its normal specific heat and that it 
was necessary to assume that during the period 
of compression the rotational degrees of freedom 
did not receive their full amount of energy 
corresponding to equilibrium. This was verified'* 
by rapidly compressing gases like oxygen, nitro- 
ven, and carbon monoxide and measuring the 
change of volume and pressure with time. For 
an increase of pressure from 1 to 1.2 atmos- 
pheres in compression times ranging from 7.5 to 
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Fic. 19, Time-pressure records of explosions in hydrogen- 
air mixtures. Slower explosion, 15 percent of hydrogen; 
pressure waves start early in the explosion. Faster explo- 
sion, 20 percent of hydrogen. 
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Recreating Geological History with Models 


The Experimental Study of the Earth’s Crustal Deformations 


BY MILTON B. DOBRIN 
Gulf Research & Development Company, Pittsburgh, Pennsylvania 


Introduction 

N the classification 

of knowledge, geol- 

ogy is listed among the 
natural rather than the 
exact sciences. How- 
ever, there are many 
phases of the subject 
which can be studied 
to advantage through 
the application of 
physical principles. 
Since it is the province of geology not only to 
describe the present configuration of the earth’s 
crust but also to trace the movements which gave 
rise to it, there have been many geologists who 
have invoked the principles of mechanics to solve 
their problems. Inasmuch as the mechanical 
phenomena involved in the earth’s deformation 
are exceedingly complex, the experimental study 
of them has proved more fruitful than theoretical! 
analysis. 

The nature of the problems that would be 
encountered in such a study can be readily ob- 
served by examining the present condition of the 
earth’s outer crust. The greater portion of the 
rocks that constitute it gives evidence of having 
undergone some degree of deformation or distor- 
tion. Originally laid down by sedimentary 
deposition through the agencies of water or wind, 
the strata which cover the granite foundations of 
the continents exhibit convolutions and fractures 
which testify to a continuous mobility within the 
earth. In some places these movements have 
resulted in spectacular topographic features such 
as mountain ranges and rift valleys. In others, a 
gently rolling, soil-covered surface may give no 
indication of intricate flexures in the sedimentary 
layers a few thousand feet below. There are 
canyons, however, where the incisive action of 
swiftly running water has laid bare the geological 
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Subjected to tremendous forces that act from the interior, the thin 
outer crust of the earth gives evidence of having suffered intense 
deformations throughout geological time. Because of the complexity of 
these movements, it is often impossible to deduce their mechanisms by 
the use of ordinary physical concepts. 

Dimensional analysis shows, however, that the rigid rocks of the 
earth’s crust deform, on their own large scale, in much the same way tha; 
very soft, plastic materials deform on a much smaller scale. This fact 
has been utilized with interesting results in the design of scale models 
to represent the formation of many observed geologic features such as 
mountains, ocean basins, and salt domes. 


history of the past hundred million years; and 
along: their walls one can often see the results of 
extensive folding and warping in the exposed 
strata. 

The fact that these hard, rigid rocks have been 
stretched, compressed, crushed, sheared and bent 
points unquestionably to the existence of tre- 
mendous forces within the earth’s crust. To 
postulate the nature of these forces by studying 
the visible evidences of the movements they have 
caused, the science of structural geology has been 
evolved. Since it deals essentially with the 
deformation of solid materials under stresses of 
various kinds, structural geology is funda- 
mentally a study in the mechanics of deformable 
bodies. On this basis it should be theoretically 
possible to explain all observable geological 
structures by direct application of the principles 
of elasticity and plasticity to rock materials. 

However, one need not search far to find 
geologic structures which seem to have been 
formed in violation of all mechanical laws. There 
are numerous regions where originally flat strata 
composed of rigid materials, which could be 
scarcely bent at all without breaking under 
ordinary circumstances, are folded to an extent 
almost beyond belief with no apparent evidence of 
fracture whatever. To reconcile these structures 
with everyday physical conceptions, the sug- 
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gestion has been offered that these deformations 
took place when the sediments were buried under 
several miles of overlying formations, so that the 
pressure of the overburden caused the rocks to 
bend under stress without rupture. While it has 
heen demonstrated by the classic experiments of 
Adams! and Bridgman? that the ability of rocks 
to vield by plastic flow increases somewhat at 
high pressures, there are too many examples, 
particularly in the Jura Mountains of Switzer- 
land, of strong folding in formations which 
geologists claim could not possibly have been 
buried under the requisite depth of sediments to 
make this explanation tenable. 

Another problem which has thus far defied all 
attempts at solution by mechanical reasoning is 
that of the formation of the Alps. For three- 
quarters of a century some of the world’s most 
able geologists have studied the fossils and 
stratigraphy of this region and on the basis of 
their observations have deduced what crustal 
motions must have taken place to account for the 
apparent structure of this mountain system. 
According to their concept, thick sheets of folded 
and fractured sediments were forced out of the 
earth and thrust forward for as much as a 
hundred miles over the surrounding country, 
resulting in a succession of 
the so-called overthrust 


established in the laboratory have baffled all 
students who have made the attempt. Even 
Albert Heim,’ the great Swiss geologist who spent 
all his life unraveling the complex structures of 
the Alps, admitted that he had not succeeded in 
conceiving the mechanics of the overthrusting. 
But the evidence for it was so overwhelming that 
he had no alternative but to accept the concept 
and seek and wait for the understanding. 

If we accept the postulate that the established 
laws of mechanics hold for geologic movements 
as well as for any other kind, we must conclude 
that materials of very large dimensions acted 
upon by forces exerted over very long periods of 
time do not exhibit the same behavior that small 
samples of the same material would exhibit when 
tested in the laboratory. While it has not been 
possible to make direct observations of geological 
movements which have required millions of 
years to take place, direct evidence exists that 
stresses exerted over a long time produce in many 
cases an entirely different kind of deformation 
from that caused by similar stresses acting only 
for a short period. For example, a century or 
more ago it was the custom to lay tombstones 
horizontally, mounting them on stone pillars at 
the ends. Today, many of these stones display a 


faults which characterize 
the region. The extent of 
this action can perhaps be 
realized from the fact that 
such lofty peaks as’ the 
\latterhorn and the Weiss- 
horn are remnants of the 
heads of such overthrust 
sheets. Erosion has carved 
the sheets into discontin- 
uous masses of land, so 
that these mountains are 
separated by miles from 
their roots, resting on the 
surface over which the 
sheet was originally thrust. 
The mechanical difficulties 
of reconciling this manner 
of yielding to stress with 
the | operties of materials 


VOLU IE 10, JUNE, 1939 


Fic. 1, Outcrop in the bad lands around Steveville, Alberta, which shows the 


great folding which has taken place in geological formations. Courtesy of the Oil 
Weekly. 
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pronounced sag in the middle, indicating that 
plastic flow has evidently taken place under the 
action of the tombstone’s weight. The most 
notable example, perhaps, is a marble stone in 
Rock Creek Cemetery in Washington, D. C., that 
has sagged three inches at the center in 85 years: 
The bending of marble slabs was investigated 
experimentally by Lord Rayleigh*t who, bearing 
geological applications in mind, measured the 
permanent elongation and inelastic flexure of 
samples baked in an oven at various tempera- 
tures. Bingham and Reiner® have shown that 
bars of cured cement mortar about one inch 
square by 33 inches long bend appreciably at the 
center when supported at their ends for only a 
few months. The time factor would be even 
more significant in determining how rocks in the 
earth’s crust deform over millions of years. 


Geologic Scale Models 


The dynamics of geologic movements presents 
too many complications to be readily amenable 
to theoretical analysis, although several notable 
attempts® have been made to develop a mathe- 
matical theory of mountain building and basin 


Fic. 2. The earliest recorded geologic model experiment, 
performed in 1812 by Sir James Hall. Layers of cloth were 
used to represent the sedimentary strata. A. Cloth weighted 
down to represent gravitational effect of overburden. B. 
Apparatus for compressing layers in operation, C. Layers 
convoluted by compression. D. Enlarged cross section of 
folded lavers. 


formation by treating strata as elastic, homo- 
geneous beams and making other simplifying, 
but sometimes questionable, assumptions. Our 
conceptions, therefore, of what actually takes 
place in the formation of mountains, basins, 
flexures, faults, and other geological features are 
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embodied in several diverging hypotheses of a 
qualitative sort which have been propounded by 
geologists. Since it has, of course, been impossible 
to test these hypotheses by direct experimenta- 
tion, the small scale dynamic model has been 
widely used for some time as the most promising 
substitute. 

The earliest of the important papers on struc- 
tural geology, read by Sir James Hall’ before the 
Edinburgh Royal Society in 1812, describes a 
model experiment. Hall conjectured that the con- 
volutions of the strata exposed along the Ber- 
wickshire cliffs of Scotland were caused by 
horizontal compression; and he proved this to 


his own satisfaction by laying a large number of 
pieces of cloth on top of one another to represent 


the strata and observing that when he pushed 
the opposite edges of the mass together he 
obtained folds of the same shape as those he had 
seen recorded in the rocks. 

Almost half a century ago, Bailey Willis’ 
investigated the mechanics by which the Appa- 
lachians were formed, making use of experiments 
with a model. Inside a box about a meter long 
he compressed alternating layers of beeswax 
mixed with plaster of Paris to represent the 
stronger beds and beeswax mixed with Venice 
turpentine to represent the weaker ones. Above 
these layers he spread lead shot to simulate the 
weight of the overlying sediments. Upon suf- 
ficient compression, the various wax layers 
showed folds and convolutions bearing a sur- 
prising resemblance to those which geologists 
had mapped after extensive field work in the 
Appalachian region. 

Numerous subsequent workers have obtained 
interesting results with dynamic models. Tokuda’ 
laid a piece of rice paper over some soft paste, 
pushed on the paper with his thumb and obtained 
a pattern that looks remarkably like a relief map 
of the Appalachian or the Jura Mountains. L. L. 
Nettleton” has illustrated his fluid mechanical 
theory of salt-dome formation by a model in 
which the sedimentary rocks are represented by 
a very thick syrup and rocksalt by heavy crude 
oil. Hans Cloos" experimented with models made 
of soft mud and obtained miniature structures 
closely resembling real ones observed in the field. 
Most recently, David Griggs” of Harvard con- 
structed a model which supports the theory that 
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mountains are formed by the action of what may 
be called convection currents in the substratum 
below the earth’s crust. This viscous medium was 
represented by water glass and the crust itself 
hy a thin layer of mixed sand and machine oil. 
The convection currents were simulated by 
revolving drums toward one another inside the 
water glass. By varying the speed of the drums, 
Griggs was able to create many of the charac- 
teristic features of the world’s mountain ranges. 

It appears paradoxical that in all these experi- 
ments the materials of the earth’s crust are 
represented not by rocks or substances of com- 
parable strength, but by soft, weak materials 
ranging from beeswax to syrup. If the results of 
such experiments are to be accepted as valid it 
must first be proved that the relationships 
between the characteristics of the original ma- 
terial and those of the model material can be 
justified physically. Fortunately, a set of ob- 
jective principles has been developed for analyz- 
ing the quantitative relationships that must 
obtain between a dynamic model and its proto- 
ivpe. For more than half a century these prin- 
ciples have guided designers of models to 
represent waterways, boats, airplanes, and static 
engineering structures. By the application of 
them it has been possible to derive information 
from measurements in wind tunnels and towing 
tanks that has been of inestimable value for the 
design of aircraft and ships. The theoretical 
background has been derived mainly from a 
branch of physics known as dimensional analysis. 

However, it has been only recently that this 
analysis, so long in use by the engineer, has been 
applied to the study of geologic models, although 
some pioneering work in this direction, which, 
by the way, received little notice at the time, was 
done in 1912 by Koenigsberger and Morath." In 
1935, Maillet and Blondel'* made some applica- 
tion of this method in devising a model of the 
earth; while, more recently, M. King Hubbert"™ 
of Columbia University published the most 
complete paper that has yet appeared on the 
subject Unfortunately, as Hubbert shows, the 
principles of dimensional analysis have been 
lrequen'ly violated in the design of geologic 


models ind consequently the majority of such 
model «xperiments have been of questionable 
Value, 
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Dimensional theory enables us to derive quan- 
titative relationships between the physical prop- 
erties of the model and the corresponding ones 
of the original. That the apparent character- 
istics of any body ought to vary as its size varies 
can be illustrated qualitatively by considering a 


Fic. 3a. Various stages of mountain folding as repre- 
sented by a model made by Bailey Willis in 1893 Courtesy 
of Bailey Willis. 


Fic. 3b. An example of the ability of Willis’ model to 
produce in a wax model realistic mountain folding by 
compression. 


familiar example. In Gulliver's Travels, Jonathan 
Swift imagined a race of people, called Brobding- 
nagians, whose linear dimensions were of the 
order of ten times the corresponding dimensions 
of ordinary human beings. In the story, these 
giants were constructed of the same materials 
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as ordinary sized people and carried on their 
lives in just the same way; but an analysis of the 
situation might leave us cause to wonder whether 
they really could. 


A typical Brobdingnagian, ten times as tall 


and ten times as broad as one of us, would have 


a volume a thousand times as great, and with 
the same density should weigh a thousand times 
as much. To support this weight, however, he 
would have available only a hundred times the 
cross-sectional area of bone; and hence each 
square inch would have to bear ten times the 
load. Since the strength of a structure is measured 
by the force per unit area that it can bear without 
yielding, it would either be necessary for the 
bones of these giants to have been built of a 
material with several times the strength of our 
bones, or else they would have to have been of 


Fic. 4. Model illustrating formation of mountains by 
action of convection currents (simulated by rotating 
drums) in viscous substratum (water glass) beneath earth's 
crust (mixture of sand and machine oil). Courtesy of 
David Griggs. 


greater diameter in proportion to their length, 


thus departing from Swift’s original conception 


of geometric similarity to ordinary humans. 
Conversely, if some hypothetical Brobding- 
nagian satirist were to conceive of a race whose 


representatives are of our own size, he might just 


as easily fall into the error of endowing its 


members with bones and muscles of such strong 
materials that they would be able to support 
loads which no actual human weight lifter ever 
attempted. In other words, he would fail to 
allow for a proper reduction in the strength of 
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his model, just as many geologists have failed to 
observe similar considerations in building smalj 
scale models of geologic structures. 


Principle of Dynamic Similarity 

A correct scale model of any physical system 
must not only be geometrically similar to jts 
prototype; but, in addition, the physical charae- 
teristics of the model must be such that the forces, 
motions, and deformations are similar as well. 
Dynamic similarity is the principle specifying 
the conditions that must be satisfied in Order that 
all motions and deformations in the original be 
correctly represented by corresponding motions 
and deformations in the model. There are two 
such conditions. First the mass of each volume 
element in the model must bear a constant ratio 
to that of the corresponding volume element in 
the prototype. This ratio will be designated by x. 
Secondly, all forces acting upon the model must 
individually and collectively bear a constant 
ratio to the corresponding forces acting upon the 
prototype. In practice, this will mean that the 
various types of force that act on the original 
must be represented in the model by forces of 
the same type that correspond in direction and 
in relative magnitude. For models of solid bodies 
we must consider separately the gravitational, 
inertial, and elastic forces. With models of 
systems containing fluids there may be, in addi- 
tion to gravitational and inertial forces, viscous 
resistance and forces caused by hydraulic 
pressures. To illustrate, let us consider the 
problem of representing the acceleration of a 
boat by an experiment with a geometrically 
similar model in a towing tank. In this case there 
is the force of gravity (bouyancy) ; there is the 
resistance of the water to the boat’s motion ; and 
there is the inertial force, a fictitious force equal 
and opposite to the mass times the acceleration, 
by which the rest are balanced. Dynamic simi- 
larity requires that the ratio of the gravitational 
forces acting, respectively, on the model and 00 
the prototype be equal to the ratio of the two 
inertial forces and equal also to the ratio of the 
two viscous resistances. If it is impossible t 
satisfy all of these conditions simultaneously i 
the model, the validity of the experiment will be 
in doubt. 
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To put these relationships into their most 
yseful form, the various kinds of force are ex- 
pressed in terms of quantities associated with 
the system that are directly measurable. It is at 
this stage of the procedure that dimensional 
analysis enters. 


Dimensional Analysis 


If any physical magnitude is determined, not 
hy direct measurement, but by measurements 
upon other quantities, we ordinarily obtain its 
value by substituting the measured values of the 
primary quantities, as they are called, in some 
mathematical formula. If, by two separate sets 
of measurements On primary quantities in two 
different but similar physical svstems, we deter- 
mine two corresponding values for the secondary 
quantity, as the one in which we are mainly 
interested is called, this formula should give the 
same ratio between the two absolute magnitudes 
of the secondary quantity, no matter what units 
we use to express the primary quantities. 
Bridgman!® shows that this will be the case only 
ii the formula employed can be expressed as a 
constant multiplied by arbitrary powers of the 
primary quantities. The exponents indicating 
these powers are defined as the dimensions of 
the secondary quantity in the respective primary 
quantities associated with it. 

Thus, a velocity, which is measured by divid- 
ing the number measuring a certain length by 
that measuring a certain time, has the dimen- 
sional formula L7T-'. An acceleration, the time 
rate of change of velocity, has the dimensions 
LT*; and a force, mass times acceleration, is 
expressed dimensionally as MLT~*. The choice 
of primary quantities to be used in a dimensional 
formula is in no way restricted to the arbitrarily 
defined fundamental units. of the English or 
metric systems, such as mass, force, length or 
time. Any measurable magnitude, such as den- 
‘ily, Viscosity, electric charge, or temperature, 
may be employed for this purpose. 


MopeEL Ratios 


From Bridgman’s relation it is evident that 
the ratio of any two values of a secondary quan- 
‘ity ca: be expressed as the product of the ratios 
0 the orimary quantities raised to the powers 
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indicated in the dimensional formula. In dealing 
with dynamic models we make use of this fact to 
obtain ratios between the physical properties of 
the model and the corresponding properties of 
the prototype from the ratios of readily measur- 
able primary quantities of the model and the 
prototype. Following Hubbert, let us designate 
all ratios of primary quantities in the model to 
the corresponding ones in the original by the 
Greek letter equivalents of the English symbols 
representing their dimensions. Thus, the scale 
factor of length (the ratio of corresponding 
lengths in the model and its original) is \; that 
of time (the ratio of the time required for a 
motion in the model to the time required for the 
corresponding motion in the original) is 7; the 
ratio of mass is uw. It follows that the model ratio 
of velocity will then be Ar ~!; of acceleration 
of force etc. 


RATIO OF ELASTICITY 


If we should construct a model of a system 
where only elastic and inertial forces are im- 
portant (a steel wire in vibration would be such 
a system), it would be necessary to calculate the 
correct elastic modulus of the model material 
in terms of the linear and other reduction factors. 
In the case under consideration, we apply the 
criterion that the elastic force, dimensional 
formula EL? (where E is the dimension of elas- 
ticity) in the model must bear the same relation- 
ship to the elastic force in the prototype that 
the inertial force, with dimensions MLT~-?, in 
the model bears to that in the prototype. Express- 
ing the two model ratios by the dimensional 
symbols written in Greek letters, equating them, 
and solving for e, we find that the model ratio of 
elasticity becomes wA~'r*. Now the dimensions 
of elasticity are the same as those of stress, since 
both are measured by a force divided by an area. 
Moreover, the elastic strength, measured usually 
by the stress at which the elastic limit is reached, 
also has the dimensions of stress. Therefore, the 
model ratios worked out for « apply equally to 
stress, modulus of elasticity, and elastic strength. 

For the case where an equilibrium is reached 
between the elastic and gravitational forces so 
that the system is either static or else has negli- 
gible acceleration, a different expression can be 
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derived for the elasticity. A static structure 


would be an example of such a case. The ratio 
of the elastic forces must here be equal to that 
of the gravitational forces to satisfy the criterion 
of dynamic similarity. The model ratio of gravita- 
tional attraction is wy, where y is defined as the 
ratio of the acceleration of gravity for the model 
to that for the prototype. This latter ratio, for 
experiments conducted on the earth’s surface, 
does not deviate from unity by any significant 
amount. Hence, by setting ed”, the model ratio 
of elastic force, equal to uw, we find that the ratio 
of elasticity is now wd? or 6A, where 6, the ratio 
of the densities, can be expressed as ud~*. 

For a model whose material has the same 
density as that of the original, the elastic 
modulus, as well as the elastic strength, must 
therefore be reduced by the same ratio as the 
linear reduction factor, X. 


RATIO OF VISCOSITY 


The same reasoning is applied to obtain the 
model ratio of viscosity both for the general case 
where accelerations exist and for the static case. 
The dimensional formula for the viscosity coef- 
ficient follows from its definition as the force 
exerted by viscous drag per unit area per unit 
velocity gradient. However, if we wish to con- 
sider the viscosity a primary quantity, of dimen- 
sion //, we can express the force of viscous 
resistance by the dimensional formula J/L?7~', 
The corresponding model ratio is ?r7!. 

The case where inertial forces and viscous 
forces predominate is frequently met with in 
engineering problems, such as in the flow of fluids 
through pipes. The criterion of dynamic simi- 
larity requires that the viscous forces in the 
model and original must bear the same ratio to 
one another as the inertial forces. We can there- 
fore equate the model ratios for the two types of 
force and solve for the model ratio of viscosity. 
This is 

Where static equilibrium exists between vis- 
cous and gravitational forces, such as in the case 


of a body falling at a constant speed in a viscous 
liquid, we set the model ratio of viscous force 
equal to that of gravitational force, u. The ratio 
of viscosity obtained by solving this equation is 
or 
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REYNOLDS NUMBER 


By applying the principles of dynamic simj. 
larity to the case where viscous and _ inertia] 
forces act with a somewhat different choice of 
primary quantities, one obtains one of the most 
important relations in modern fluid mechanics, 


LEVEL 


CRUST 


FLUID SUBSTRATUM 


CURRENTS STOPPED -ISO0STASY 


Fic. 5. Diagram illustrating action of Griggs’ model o! 
mountain formation by convection. Root of mountain 
pulled down into viscous substratum by convection cur- 
rents. After currents have stopped, mountains rise to 
restore isostatic equilibrium. 


the formula for a dimensionless constant called 
Reynolds number. Using velocity, L7™~', as a 
primary quantity instead of time, we can trans- 
form the dimensions of viscous force to J/ VL, and 
those of inertial force to MV?L~', or DL*\", 
where D is the dimension of density. The ratio 
of these forces can be written dimensionally 
LV/(H/D). By the principles of dynamic 
similarity this must be a constant. When 
numerical values are substituted for L, any 
characteristic length; V, the velocity of the 
fluid; and J//D, the kinematic viscosity of the 
fluid, the ratio is known as Reynolds number. 
It is Reynolds number that sets the conditions 
that must be observed in conducting exper- 
ments on model airplanes in wind tunnels. As 
long as its value is the same for the model and 
the prototype dynamic similarity is observed 
and the behavior of the model in the tunnel will 
be a reliable indication of the performance © 
the actual airplane built according to the same 
design. If the model should be constructed on the 
scale of 1 : 10 with respect to the original, the 
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velocity of the air in the tunnel must be ten 
times that of the airplane, or else a gas or liquid 
of one-tenth the kinematic viscosity (viscosity 
coefficient divided by density) must be used, in 
order to keep Reynolds number the same for 
both cases. In some wind tunnels the kinematic 
viscosity is lowered by compressing the air to 
raise its density. 


ACCELERATION UNDER GRAVITY 


For a system where acceleration takes place in 
the presence of gravitational forces, the model 
ratios of length and time can no longer be chosen 
independently of one another. For, if we equate 
ihe model ratio of inertial force, wAr~*, to that 
of gravitational force, wu, we obtain 


pArt=p, 


With a geological model experiment such a 
restriction upon our choice of reduction factors 
can be exceedingly cumbersome. For example, if 
a geologist constructed a model to a scale of 
1: 100,000 of an original structure which is 
lelieved to have formed by a series of accelerative 
movements over a period of ten million years, 
lie would have to entrust his experiment to the 
continuous care of a hundred future generations 
of geologists to be sure that the results will be 
correct. The reason can be seen from the rela- 
tionship above. With a scale constant, A, of 10~°, 


TABLE I, 


Mope. Ratio Mopet Ratio 


QUANTITY GENERAL CASE Static Case 
Stress 
Elastic Modulus ud? or 6A 
Elastic Strength } 
Viscosity Coefficient urd tr t ud” *r or 6Ar 
Density prs 


the corresponding value of + would have to be 
0°" and the time required to represent a 
deformation occurring in 10,000,000 years would 
have to be 3160 years. Fortunately, most geo- 
logical movements take place at a very slow and 
constant speed so that the accelerations are 
negligible and inertial forces do not control the 
conditions of similarity. 

In tr apitulation, the model ratios thus far 
derived which are of importance ‘n the design of 
seologi’ models are shown in Table I. 
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Application to Geological Models 


Using these and other model ratios, Hubbert 
has worked out the mechanical properties of the 
materials from which geological models of 
various kinds should be constructed. Sometimes, 
as he points out, it may be difficult or impossible 
to obtain materials having all the requisite 
properties. But even where this is the case, it can 
often clarify our conceptions of geological move- 
ments if we can figure out just what these proper- 


ties should be. 


MOUNTAIN FORMATION 


It is probable that the majority of all geological 
model experiments on record have been carried 
on to illustrate theories of how mountains are 
formed. On account of the highly divergent 
nature of the theories that, according to their 
proponents’ claims, have been proved by various 
model experiments, one cannot help but be 
suspicious of the validity of any of them. For- 
tunately, dimensional analysis affords a reliable 
criterion for determining the plausibility of any 
such experiment. 

Since mountains are formed with negligible 
acceleration, except for occasional earthquakes, 
we can calculate the strength that the model 
material representing the earth’s sedimentary 
rocks should have from the model ratio of elastic 
strength for the static case. To do this it is 
necessary to know the strength of the original 
mountain material. This quantity is not known 
with any degree of certainty, for although the 
elastic strength of rocks at and near the earth’s 
surface has been measured in testing laboratories, 
we know that the ultimate strength of rock in- 
creases with increasing depth because of the 
higher pressure, but decreases with the increased 
temperatures that are met with at any consider- 
able depth. However, the error is not likely to 
be great if we consider the ultimate strength of 
the mountain material to be the same as that of 
granite, which is 210° dynes/cm’. 

If the model material is specified to have the 
same density as that of the original, then 6 is 
unity and the model ratio of strength, ¢, is the 
same as that of linear reduction, \. A convenient 
size for a model representing a mountain range 
100 kilometers long would be 100 centimeters, in 
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which case \, and hence ¢, would be 10~°. The 
model would thus have to be constructed of a 
substance with a strength of 10°°*2X10° or 
2X10 dynes/cm*. Such a material would be 
very weak. Vaseline, or very soft clay, would 
have a strength of this order of magnitude, and 
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hence should constitute the proper material for 
an experiment on mountain building. 

In his experiment to illustrate the formation of 
mountains by the action of convection currents 
in the fluid substratum underlying the outer 
crust, Griggs” has used dimensional analysis to 
choose the proper materials for his model and to 
determine the correct time and velocity rela- 
tionships. The model ratios of length, strength, 
density and viscosity were so chosen that the 
model is dynamically similar to the earth’s crust. 
When these are chosen the time and velocity 
ratios are fixed. Two models have been built, one 
24 inches long, the other three inches. In the 
larger an event requiring a million years is 
reproduced in one minute. In the smaller, the 
same process may be represented in one second. 
The drums are used merely to simulate the con- 
vection currents that are believed to exist, in the 
substratum, it being impossible to reproduce 
these currents by thermal means in a model of 
this size. 


SALT DOMES 


Along the Gulf Coast of the United States, in 
Rumania, and in Persia, great plugs of rocksalt 
up to several miles in diameter have pushed their 
way up through thousands of feet of sedimentary 
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rock, forming dome shaped masses whose tops 
often come within a short distance of the earth's 
surface, even piercing it in some places. Along the 
flanks of these salt domes and in the sediments 
directly above them, the strata have become go 
distorted by the intrusion of the salt that they 
form excellent traps for oil. Indeed, many of the 
world’s great oil fields are located over or against 
domes of this type. The problem of just how 
salt domes form has never been completely 
solved. However, several hypotheses have been 
proposed to explain their occurrence, and the 
most generally accepted is the mechanical theory 
of Nettleton,"® based on the concept that the 
domes were formed by viscous flowage of the salt 
and the sediments under gravitational forces 
only. As stated before, he has illustrated this 
theory by a model experiment. 

Offhand, it might appear absurd that rocksalt 
could ever flow as a viscous fluid; but consider- 
able evidence has accumulated through observa- 
tions in the laboratory and elsewhere that many 
rigid materials deform by plastic or elastico- 
viscous flow under the action of great stress, or 
even of a small stress over a very long period of 
time. According to Nettleton’s hypothesis, the 
salt was originally in horizontal beds buried far 


Fic. 7. Silhouette photographs taken 
from Nettleton’s model. 


below the earth’s surface. The diagrams illustrate 
how the material rose from these beds to its 
present position. After an initial uplift of one 
portion of the bed, at C’, caused possibly by 4 
buckling of the salt layer under compressive 
forces, a differential pressure was set up in the 


‘salt between points B and C. This was a const 


quence of the difference in the weights of the 
overlying masses at those two points, since the 
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density of the salt, p,, is less than that of the 
sediments at this depth. The differential pressure 
save rise to a lateral flowage of salt from B to C, 
which caused the surface at B to sink and that 
at C’ to rise. As the salt dome thus began to take 
form, the differential pressure increased and the 
process continued until the supply of salt from 
below was exhausted. 

In the model that illustrates this theory, the 
salt is represented by heavy crude oil of density 
close to unity and the overlying sediments by a 
thick syrup of density about 1.4. In the apparatus 


| 


li... 8. Stages in the formation of a miniature 
salt dome in Nettleton’s model. 


the syrup is above the layer of oil. This is an 
wstab! condition, on account of the lower 
density of the oil, and if an initial uplift is made 
in the ‘iver of oil a column of it will rise up 
throug! the syrup, simulating the postulated 
the rocksalt. 

Hub! rt considers the problem of relating the 


action 
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physical properties of these model materials with 
those of the original salt mass and overlying 
sediments, on the basis of dimensional theory. 
The constants of interest are the viscosity of the 
rocksalt and the shearing strength of the sedi- 
ments. This would be a case of viscous flow where 
equilibrium exists between bouyant forces acting 
upwards and viscous resistance acting down- 
wards. For it we can use the model ratios of vis- 
cosity and elastic strength applying to a static 
system. These are 67 for viscosity, and 6d for 
shearing strength. 

Gutenberg"? has tabulated values for the vis- 
cosities of a number of solids, as determined in 
the laboratory. For rocksalt he gives a value of 
2X10'* c.g.s. units at 18°C and 2.510" c.g.s. 
units at 81°C. Geologists can tell us the order of 
magnitude of the time required for the domes to 
rise; it is something like 60,000,000 years. And 
enough information has been obtained from 
drilling around salt domes to delineate the shapes 
and dimensions of a large number of them. The 
model ratios } and +r can be readily obtained 
from these data and from observation of the time 
necessary for a model dome to form; and the 
requisite viscosity of the model material repre- 
senting the salt can be computed by use of the 
model ratio for viscosity. The value obtained by 
Hubbert for this is 5X 10? c.g.s. units, which is of 
the same order or magnitude as the viscosity of 
the crude oil actually used to represent the salt. 
Hubbert concludes that of all models of salt 
domes, Nettleton’s comes closest to being dimen- 
sionally correct. 


IMPACTING METEORITE 


Using similar reasoning, Hubbert designs a 
model experiment to determine the nature of the 
hole made by a falling meteorite upon hitting the 
earth’s surface. By making appropriate assump- 
tions about the elastic constants of the earth and 
the speed of the meteorite, he finds that the 
impact could best be represented by shooting a 
lead-amalgam pellet about five millimeters in 
diameter with a velocity of 350 meters per second 
into a barrel of soft clay. The effect would be 
about the same as that of firing a shot-gun into 
a mud bank. In this case, each shot makes a hole 
about as large as a man’s fist. If such an experi- 
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ment is a correct representation, we might con- 
clude that the huge crater in Arizona, 4000 feet 
in diameter, where a meteorite is believed to 
have struck several thousand years ago was 
created by a projectile only one-tenth that size. 


Conclusion 


These are but a few examples of how dimen- 
sional theory can be applied to models of geologic 
interest. It would appear from the foregoing 
analysis that most of the well-known experiments 
with such models have had the common defect 
that the materials representing the sediments of 
the earth’s crust have been too strong. Bailey 
Willis, in his experiments on Appalachian type 
structures, realized that the strength of his strata 
should be less than that of the original ; neverthe- 
less, he failed to make them sufficiently weak. As 
a result, he found it necessary to load down his 
beeswax and plaster layers with enough buckshot 
to represent a sedimentary overburden a hundred 
miles thick. Actually, he was achieving dynamic 
similarity by exaggerating gravitational forces in 
the same measure in which elastic forces were 
being unwittingly exaggerated. Even then his 
more competent beds yielded by fracturing 
rather than by folding. Had he used a weaker 
material than beeswax or plaster, this excessive 
loading would not have been necessary. 

In a number of model experiments, notably 
those of Mead'® and R. T. Chamberlin,'’ the 
earth’s crust has been represented by layers of 
paraffin and plaster, materials which dimensional 
reasoning shows to be much too strong. However, 
the results thus obtained did not seem to bear 
much resemblance to any structures actually 
observed in nature. 

It is noteworthy that all models in which 
structures have been produced bearing a strong 
resemblance to those seen in the field have been 
made of the softest and weakest materials 
imaginable. Tokuda used paste ; Cloos, soft mud; 
and Griggs, a mixture of sand and machine oil, 
to represent the earth’s crustal rocks; and all 
three obtained an uncanny similarity to observed 
geologic or topographic features. This is just 
what would be expected from the results of di- 
mensional analysis. 

Thus, as Hubbert points out, we reach a 
resolution of the paradox of an earth whose 
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Fic. 9. Model showing the salt dome formations 
in an East Texas oil field. 


materials by all laboratory tests seem to posses 
enormous strength, but which shows deforma- 
tions that could only have taken place in mate- 
rials that are very weak. Strength and weaknes 
are only relative terms, possessing no absolut: 
significance. A small specimen of any material 
may be strong, but a large sample will deform 
under sufficient stress, like a much _ weaker 
material. If we bear this fact in mind and 
remember that the stresses acting within the 
earth’s crust are of almost inconceivable mag: 
nitude, it is no longer difficult to understand how 
strong rocks can deform, like taffy, by intricatt 
folding, or how the Alps were created by thé 
squeezing of great sheets’ of rock over the sur 
rounding country, in the same way that toot 
paste is squeezed out of a tube over a brush. 
An analysis on the basis of dimensional co” 
siderations, while indispensable in the design 0! 
model materials, has a more general applicabilit) 
to geological problems. By the use of it we at 
able to bring both the large and the small struc 
tural features of the earth’s crust to a size # 


JOURNAL OF APPLIED PHYSICS 


wl 
| dit 
me 
of 
to 
1s 
S10 
po 
his 
Q 
AA ha 
“ red 
Jat 
surface 
©) evi 
AA 
hee 
AAA A AR AAN 

AR AA AKA str 
fc ir 
apy 

é 
4, 
@ 

‘ 

10, | 


ossess 
orma- 
mate- 
ikness 
solutt 
aterial 
eform 
veaker 
and 
in the 
mag: 
how 
trical 
the 
1e Sur: 
tooth 
ish. 
al con- 
sign of 
abilit\ 
we art 
| struc- 
size al 


HYSICS 


which we can conveniently visualize them. It is 
difficult for anyone to reason objectively on any 
mechanical system of a larger size than his field 
of vision can cover. And when, consciously or 
unconsciously, the geologist reduces vast areas 
to the size of a table model in his imagination, he 
is liable to arrive at entirely erroneous conclu- 
sions if he does not also visualize his model to 
possess the physical properties corresponding to 
his scale of reduction. Maillet and de Ceccatty”® 
have examined various structural theories bear- 
ing in mind correct dimensional concepts. They 
reach the conclusion that most of these theories 
are of little validity because they were not formu- 
lated with proper regard to. dimensional theory. 

It has not been long since physics and geology 
joined hands and the science of geophysics 
evolved. Although geophysical methods have 
heen widely employed to study the subcrustal 
constitution of the earth and to outline the 
structures near the earth’s surface in the search 
for oil and precious minerals, it has seldom been 
applied in more than a rough, qualitative way to 


study the structural mechanics of the earth’s 
deformations. A real opportunity exists, there- 
fore, for further work in the quantitative study 
of structural geology. The use of dimensional and 
structural analysis to accomplish this end 
presents one more almost untraversed frontier 
for applied physics, one which can be widened to 
the mutual advantage of both sciences. 
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Resumés of Recent Research 


Phase Diagram of 
Na-K Alloys at High 
Pressures 


The familiar phase 
diagrams, which de- 
scribe the  thermo- 
dynamical equilibrium 
between the phases which appear on mixing 
several components, are concerned with only 
two quantities; namely, temperature and com- 
position. Largely because of difficulties in ex- 
perimental technique, the fundamentally im- 
portant variable, pressure, has not been given 
much consideration. C. H. Kean,' working at 
Hartard University, succeeded in mapping out 
the three-dimensional phase diagram of alloys 
of sodium and potassium covering the pressure 
interval, 1-10,000 ke 

His experimental technique was simple and 
direct. An alloy of known composition was placed 
in a glass tube into which convenient wires had 
been sealed and then placed in a high pressure 
chamber held at a fixed temperature. The rela- 
tive resistance was measured as a function of 
pressure. Usually, discontinuities of the first de- 
rivative, or discontinuities of the resistance occur 
which were associated with two-phase and three- 
phase equilibrium, respectively. He found the 
phase diagram to consist essentially of three 
surfaces on which two phases were in equi- 
librium. Through two lines of intersection of 
these surfaces were found two developable sur- 
faces which represented the equilibrium between 
three phases. Without exception the five surfaces 
increased along the temperature axis as the pres- 
sure increased. All phases found were identified 
with phases existing at atmospheric pressure. 

Two interesting properties of the alloys were 
manifest in the experimental work. Resistance 
measurements of the liquid phase gave strong 
indications that the minimum of resistance at 
high pressures appeared to be a property of the 
liquid alloys as well as the pure metals. Also, 
the appearance of one phase was brought about 
only by a pressure hundreds of kg/cm* above 
the true equilibrium pressure and the amount of 
excess pressure varied according to the previous 
history of the alloy. 


1C. H. Kean, Phys. Rev. 55, 750 (1939). 
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Measurement of 
Reverberation Time 


The methods and ap- 
paratus that have been 
used in the past for the 
measurement of reverberation time, or more 
specifically for the measurement of the rate of 
decay of sound energy in a room, provide many 
combinations of convenience, flexibility, pre. 
cision, and cost. Their applications vary from 
measurements in reverberation chambers, where 
precision is of utmost importance, to surveys of 
occupied rooms, where speed and convenience 
of operation are the principal considerations. 
Although it is not to be expected that any one 
system will be ideal for all applications, the need 
for asimple, portable, precise, inexpensive, direct- 
reading instrument has been felt for some time. 

Apparatus which is an approach to this ideal 
has been developed by W. M. Hall of the Depart- 
ment of Electrical Engineering at the Massa- 
chusetts Institute of Technology.* 

In this instrument, two relays which operate 
at predetermined sound levels start and stop the 
charging of a condenser through a resistance. 
The time interval required for the sound to decay 
from the first to the second level determines the 
voltage built up on the condenser. This time 
interval is read directly on a meter. The rate of 
decay of sound energy in a room can be deter- 
mined by a single reading of this sort, or a plot 
of the decay of sound can be made by changing 
the level at which the second relay operates and 


*W. M. Hall, J. Acous. Soc. Am. 10, 302 (1939). 
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repeating the measurement of the time interval. 
The unit is battery-operated, and is thus made 


- independent of any external power supply, tim- 
ing element, or sound source. An interlocking 
D- mechanism prevents improper operation of the 
- relays, and a simple calibrating means is provided. 
he 
re S Advances in the Appli- It is well known that 
of cation of Radioactivity practically all terres- 
AV for Geological Age trial materials contain 
Measurements at least measurable 
- traces of the parent 
re radioactive elements, uranium, actino-uranium 
of and thorium. The accumulation of the decay 
ice products, helium and radiogenic lead, resulting 
ns. from the slow, spontaneous disintegration serves 
me as a means of estimating the time which has 
ed elapsed since crystallization of the rock or mineral 
ct- in which the radioactive elements occur. 
re. In the last quarter century a fairly complete 
eal time scale, extending over most of the recognized 
rt: range of geological time, has been built up on 
89- this basis. During the development of a direct, 
physical method for measuring the helium and 
ate radioactive content of igneous rocks, a serious 
the discrepancy was discovered when these new 
nce. observations were compared with the published 
cav ages of rocks from the same geological horizons. 
the A cooperative investigation, with two inde- 
ime pendent methods of measurement, was under- 
e of taken to determine the source and magnitude of 
ter- these differences. The results of these researches 
plot have been reported in detail' recently and indi- 
ying 
and 
The recording section of Evans’ apparatus used in 
establis! g precision radium standards at low concen- 
right, control panel a.c. operated through 
ea driven switch, camera for photographic record- 
‘8, an double, temperature-controlled housing for 
‘TINg-elc trometer. 
‘K. 1) Evans, C. Goodman, N. B. Keevil, A. C. Lane 
and W. 1) Urry, Phys. Rev. 55, 931 (1939). 
- VOLUM > 10, JUNE, 1939 


Direct-fusion helium apparatus showing water-cooled 
vacuum furnace in foreground with purification and 
measuring apparatus in background. 


cate that a large downward revision of ages in 
the helium time scale is necessary. The radium 
determinations involved in most of the earlier 
helium ages have been shown to be incorrect by 
more than a factor of two. However, an uneven 
revision in the helium time scale must be made, 
because rocks vary widely in the relative pro- 
portion of helium produced by the thorium and 
uranium series. 

Not only in connection with age measurements 
but also in a large share of the numerous de- 
terminations of the radioactivity of terrestrial 
materials reported in the literature, too little 
attention has been given to the reliability of 
the standards and techniques employed. As a 
result, much of the research on the radioactivity 
of rocks cannot be considered quantitative. In 
order to place this important phase of geophysics 
on a firmer foundation, an international inter- 
calibration program has been initiated under 
the joint sponsorship of the National Bureau of 
Standards and the National Research Council, 
Division of Physics. The purpose of this program 
is to provide reliable standards, both in the form 
of solutions and as analyzed rock samples, for 
the various investigators throughout the world. 
By referring all measurements to this common 
basis, it should be possible to obtain a more 
accurate estimate of the radioactivity of the 
various rock types comprising the earth’s crust. 
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A New Million-Volt X-Ray Outfit 


By E. E. CHARLTON, W. F. WESTENDORP, L. E. DEMPSTER 
AND GEORGE HOTALING 


Research Laboratory, General Electric Company, Schenectady, New York 


I. Introduction 


HIS new x-ray unit incorporates some of the 

features of the early 800-kv peak' and of 
the more recent 500-kv peak? outfits. In the 
main, however, it is so radically different from 
them as to merit a rather detailed description. 

It consists of a low frequency resonance 
transformer with a coaxially mounted multi- 
section x-ray tube within, both contained in a 
grounded steel tank and employing compressed 
gas insulation. The x-rays are generated from a 
target mounted in the end of an extension 
chamber projecting out from the bottom of the 
grounded tank. 

The most attractive features of this type of 
outfit are its compactness, simplicity, reliability 
and freedom from exposed high voltage together 
with the ready accessibility of the target. 


II. The Transformer 


The transformer shown in Figs. 1 and 2 has 
a low voltage coil (12) of flat copper strip and a 
high voltage coil (11) consisting of 120 thin flat 
sections spaced apart for ventilation. 

In order that the x-ray tube may be placed 
within the coils to facilitate making connections 
from suitable voltage taps to the various tube 
electrodes, and to get for the tube the benefit of 
the electrostatic shielding thus afforded by the 
transformer, no iron is used within the latter. 

The lower end of the high voltage coil is 
grounded, and, to shield the upper high voltage 
end, a hemispherical radially slotted 
spinning is used. 

The number of turns chosen for the high volt- 
age winding is such as to make its natural period 
of oscillation 180 cycles per second, a frequency 
obtained from the 60-cycle, three-phase power 
supply lines through the intermediary of a 
static frequency tripler unit. 

To avoid the energy loss which would ensue 


brass 
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were the magnetic flux of the transformer to 
penetrate the surrounding steel tank, the latter 
is provided with an inner lining (1) consisting of 
narrow overlapping strips of silicon steel elec. 
trically insulated from one another, and at the 
bottom with a ring of similar strips. 

The multi-section high voltage coil serves a 
quadruple purpose, to generate the voltage, 
grade the potential so as to prevent creepage 
over the solid dielectric between coils, to electro- 
statically shield the x-ray tube from the grounded 
tank and to mechanically support the hemi- 
spherical shield. 


III. The X-Ray Tube 


The tube envelope (Figs. 1 and 3) consists of 
eleven sections of molded Pyrex glass tubing 
sealed to Fernico rings which carry the inter- 
mediate accelerating electrodes, of stainless steel. 

The cathode spiral consists of 6} convolutions 
of 8.5-mil tungsten wire mounted in the electro- 
static focusing cup (6). The tube is supported by 
a metal flange bolted to the grounded metal 
tank. This flange has been copper-brazed to the 
Fernico ring which is sealed to the bottom glass 
section of the tube. An exhaust manifold is 
bolted to the tube envelope with metal gaskets. 

The target (17) of copper-backed tungsten is 
mounted in the lower end of the extension 
chamber and both the target and the walls of 
the extension chamber are water cooled. The 
metal flange on the extension chamber is bolted 
to the exhaust manifold of the tube envelope 
with metal gaskets. 


IV. The Exhaust System 


This consists of an oil diffusion pump (22) 
backed up by a rotary oil pump (25). Apiezon 
oil has been used in the diffusion pump. 0! 
vapors are kept from the tube by the charcoal 
trap (21) placed directly over the diffusion pump. 
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. Laminated steel shell 

. Slotted brass shield 

. Lead shield 

. Variable reactor 

. Insulating shaft 

. Cathode assembly 

. First intermediate electrode 
. Shields around the seals 

. Tapleads 

. Secondary coils with copper-tube shields 
. Secondary coils 

. Primary winding 

. Laminated steel bottom 

. Focusing coil 

. Filament control motor 


Fic. 1. Drawing of million-volt 
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. Extension chamber with waterjacket 
. Target 

. Lead shield 

. Vacuum line 

. Ionization gauge 

. Charcoal trap 

. Oil diffusion pump 

. Vacuum shut-off valve 

. Hale-Pirani gauge 

. Rough vacuum pumps 

. Freon supply tank 

. Freon compressor 

. Freon storage tank 

. Cooling water inlet, drain omitted 
. End-turn filament-coil 


x-ray outfit. 
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The charcoal in this trap can be baked out when in volume. In certain instances it may provide 


desired by Calrod heating units permanently a simpler method of mechanical handling. . 
mounted in metal tubes extending into the th 
interior of the charcoal mass. Pirani-Hale (24) VII. The Gas Insulation of 
and ionization (20) gauges record the vacuum. This is derived from the supply tank (26) of * 
liquid dichloro-difluoro methane, ‘‘F-12.” Before 
filling, the air is first exhausted from the main ¥ 
tank to a vacuum of about 28 inches. The valve a 
to the supply tank is then opened and heat js ze 


applied to the latter until enough gas has been 
liberated to raise the pressure in the main tank Ps 
to about 40 lb. gauge, when the valve is closed. 
When it subsequently becomes necessary to open 
the main tank, the gas is first returned to the D 
storage tank (28) by means of the compressor 
(27). F-12 is odorless and nontoxic, but one 
precaution in handling it is necessary :—it must 
not come in contact with a naked flame as 


otherwise poisonous phosgene gas is produced. i) 
CC 
th 
ni 
be 
re 
th 
ve 
Fic. 2. Million-volt resonance transformer. ne 
in 
V. The Steel Tank <1 
The tank shown in Fig. 4 is made of sheet > 
steel 2 inch thick, 48 inches in diameter and 80 su 
inches long and has been tested to a pressure of la 
200 Ib. per square inch. The joint between the 
two halves is made tight by means of a rubber ome Te ” 
gasket bolted between heavy flanges. 
m 
VI. X-Ray Protection 
To provide x-ray protection a lead shield (18) a a. | a m 
with an equivalent wall thickness of five inches 
has been used around the extension chamber. Se ee ae a 
A lead disk (3) placed back of the cathode inside seul pl 
the hemispherical cap is used to absorb the Fis. 5. The tube 
x-ray beam which passes back through the axis io of 
of the tube. The small dimensions of the outfit . asia th 
permit this amount of primary protection to be VIII. The Electrical Circuit ci 
provided with about 1000 Ib. of lead. Lead shot This is shown in Fig. 5. From the 220-volt ra 
can be used in place of cast lead for this same three-phase 60-cycle power supply, current is fed 
protection with an increase of about 35 percent to the frequency tripler “7” which converts " 
V 
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into 230-volt single-phase 180-cycle current 
which in turn is supplied to the primary, F, of 
the x-ray transformer and controlled by means 
of the saturable core reactor, J, L and the auto 
transformer, NV. 

The x-ray tube filament current is supplied 
from end turns B and remotely controlled by 
means of the adjustable inductance A, operated 
mechanically from without, as shown in Fig. 1, 
by means of a reversible motor (15), a shaft 
passing through a packing gland, an insulating 
rod (5), and a pair of bevel gears. 


IX. Discussion of Design Features 


1. THE TRANSFORMER 


There are several advantages to be derived 
from the use of the resonance rather than the 
conventional type of transformer. 

(a) The removal of the iron core, permitting 
the tube to be placed in the axis, Fig. 6, elimi- 
nates the space otherwise required for insulation 
between primary and secondary and results in a 
reduction in the required tank diameter to some- 
thing like 62 percent with a corresponding 
volume decrease to 38 percent. All electrical con- 
nections between tube and transformer are made 
inside the transformer and its hemispherical cap 
and are thus completely shielded. 

(b) The wave form in the high voltage circuit 
is always essentially sinusoidal regardless of that 
supplied to the primary. Furthermore, the oscil- 
lating current in the secondary is so large, 76.0 
milliamperes at 1000 kv peak, that the useful 
and inverse voltages remain essentially equal 
even when the tube is drawing as much as 10 
milliamperes of rectified current. 

(c) The subdivision of the secondary into so 
many thin coils results in a very uniform 
gradient along its length thus facilitating its 
adequate internal insulation. It facilitates the 
placing of taps at equal voltage intervals, for 
connection to the various intermediate electrodes 
of the tube. Then, through the spacing apart of 
these ‘hin coils it facilitates their cooling through 
circu! tion of the gas. Finally, it permits of 
random winding. 

For convenience in assembly, the ends of the 
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individual coils of the secondary are not soldered 
together but, with the coils stacked on top of 
one another, connections are made through flat 
phosphor-bronze springs. 

The number of turns in the secondary is so 
chosen as to make its natural period of oscillation 
match that of the supply circuit, 180 cycles. 


Fic. 4. Million-volt x-ray unit. 


The total height of the secondary could have 
been chosen materially less for 1000 kilovolts 
peak were it not for the fact that it is more con- 
venient in making connections to the tube to 
have it of about the same length as the latter. 
It is the tube which determines the height of the 
outfit as a whole. 

The split rings of copper tubing placed around 
the upper sections of the secondary and con- 
nected each to the outer end of its coil are 
intended to protect the upper sections in case 
arc-over should occur from one of them to the 
tank. Such an arc-over might otherwise result in 
damaging the insulation locally. 

The distribution of volts generated per turn 
in the secondary at different levels is shown in 
Fig. 7. 
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2. Gas INSULATION 


The data of Fig. 8 on the arc-over voltage as 
a function of gas pressure were obtained by 
operating the transformer without the tube. 
Curves A and B are for F-12 and nitrogen, 
respectively. 

Corresponding data obtained with an earlier, 
60-cycle, transformer are shown in Fig. 9. In 
this case the spacing between the high voltage 
terminal and the tank was considerably less, 
about five inches. The arc-over voltages for 
three different insulating media, F-12, 10-C 
transil oil and nitrogen as a function of pressure 
are shown. 

Figures 8 and 9 show for both designs, through- 
out the voltage range, a strength ratio of more 
than 2.5 to 1.0 in favor of F-12 over nitrogen.’ 


Fic. 5. The circuit diagram. 


Fig. 9 shows the strength superiority at the 
higher pressures of F-12 over 10-C transil oil. 
For voltages of not more than 1200 kv peak, 40 
pounds gauge pressure seems to afford an ample 
factor of safety. This calls for a weight of F-12 
of only about 100 Ib. It is interesting to note 
that about 12,000 Ib. of oil would be required 
to give the same insulation in a necessarily larger 
tank. 
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F-12 decomposes under the action of corona, 
setting free chlorine and fluorine, and experience 
was required to determine whether enough such 
decomposition would take place under the con. 
ditions pertaining in this outfit to cause trouble. 
some deterioration of any of the insulating or 
other materials present. We have so far been 
unable to observe any deterioration due to this 
cause, indicating that, at least up to 1200 ky, 
the amount of corona must be very small. 


3. Tue X-Ray TuBE 


Because of the fact that the tube is sym- 
metrically placed with respect to the transformer, 
the magnetic flux passing through it does not 
interfere with electron focusing. 

Toroidal shields, surrounding and connected 
to the various electrodes, electrostatically shield 
the electron beam. The size of the electron beam 
is determined largely by cathode geometry and 
by the ratio of the voltage used in the first to 
that in the remaining sections. With an extension 
chamber 24 inches long, and without magnetic 
focusing, the focal spot is 1} inches in diameter 
but can be changed if desired by use of the mag- 
netic focusing coil (14) in Fig. 1. The cathode 
design is so chosen as to give an electron beam 
small enough to clear all of the intermediate 
electrodes and the upper portion of the extension 
chamber without necessitating at the same time 
too high a filament temperature, for it is clearly 
desirable that the filament shall have a very long 
life. The entire cathode assembly may be readily 
removed and replaced by a new one, by heating 
its supporting flange Fig. 1 electrically by means 
of an attached electric heater to melt the tin 
which solders it to the topmost Fernico ring. 


4. THe INSULATING SHAFT FOR ADJUSTING THE 
FILAMENT CURRENT 


This consists of a heavy-walled Pyrex glass 
tube which has been carborundum blasted and 
coated with a resistance paint to avoid creepage 
over its surface. 

This control shaft (5) mounted inside the 
transformer stack and driven by a reversible 
motor, provides remote control for the variable 
inductance (4) in the filament circuit to give 
the desired milliamperage. 
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Fic. 6. Assembly of million-volt x-ray unit. 


5. Tue SATURABLE CORE REACTOR 


A saturable core reactor, J, L, Fig. 5, con- 
nected across the frequency tripler controls its 
power Output to the x-ray transformer. The 
power that can be obtained from the frequency 
\ripler is very strongly limited by the high 
internal reactance for 180-cycle current. Actually 
the short circuit current of a frequency tripler is 
oily about two-thirds of the rated output 
current. To make possible a high power output 
the internal reactance is neutralized by means 
of a series capacitor K. With a properly chosen 
series capacitor K, the voltampere rating of 
which is of the same order as that of the unity 
power factor load, the amount of 180-cycle 
power is limited only by the heating of the 
copper. To obtain low voltage on the resonant 
\ransformer the reactor is saturated and forms 
very nearly a short circuit across the terminals of 
the tripler proper. This results in a current 
smaller than the rated amount of the tripler and 
the output voltage is low. Reduction of the 
direct -urrent in the saturating winding L by 
means of the potentiometer M, lowers the alter- 
lating urrent in the saturable reactor and raises 
ut of the frequency tripler. 


the ou 
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X. Control_of Voltage and Current 


Once calibrated, the control of the outfit is 
very simple. The current is adjusted by operating 
the reversible motor activating the insulating 
shaft which controls the variable inductance in 
the filament circuit. If the outfit is to be operated 
always with the same voltage and current and 
the proper adjustment of the impedance in the 
filament circuit is made, the autotransformer, 
N, is permanently set to the desired voltage tap. 
The only control then that is finally used for 
normal operation after the main switch is closed 
is the potentiometer M controlling the direct 
current in the saturating winding of the saturable 
reactor to bring the x-ray tube quickly and 
smoothly from 300 kv peak to 1000 kv peak and 
3.0 milliamperes. 


XI. Operating Data 


1. MILLIAMPERAGE AND VOLTAGE 
MEASUREMENTS 


The voltage generated in the secondary coils 
without x-ray tube load is a linear function of 
the charging current—the current required to 


Volts per turn 
% of average 


° 100 % 


0 100% 


Fic. 7. Voltage distribution per turn along secondary coils 
of resonance transformer. 
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Freon i2 


Breakdown strength kilovolts peak 


20 30 #Gauge 
1 1 
25 35 45 Absolute 


Pressure Lb./ square inch 


Fic. 8. Breakdown strength of nitrogen and Freon 12 
when used as insulation for the resonance transformer as a 
function of pressure. 


charge the secondary to the potential in question 
with respect to the tank. As shown in Fig. 5 
the lower terminal of the winding E.E. is con- 
nected to ground through a measurement circuit. 
The reactor P allows the direct-current com- 
ponent to pass through a milliammeter which 
registers the electron current flowing to the 
anode. The alternating charging current is 
blocked by the reactor P and passes through 
the capacitor C and a vacuum tube rectifier 
bridge. The rectified charging current passes 
through a d.c. milliammeter which is calibrated 
in terms of kilovolts peak. This calibration is 
secured at 100 kv peak by the use of a sphere 
gap temporarily placed in the top of the tank. 

A 12.5-centimeter irradiated sphere gap set for 
100 kv peak is placed on top of the hemispherical 
cap of the transformer, and the unit assembled 
as usual, air being left inside. A motor generator 
is used to supply power at the proper frequency 
for tuning to resonance at a frequency fe, a few 
cycles lower than f; (180 cycles per second), due 
to the added capacity of the spheres. The voltage 
is raised till the spheres arc, which is audible 
and also visible on the cathode-ray oscillograph 
and on the charging current meter. The charging 
current of the secondary is recorded at this 
sparking potential. After removal of the sphere 
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gap the true calibration is found by making , 
small correction for the increased frequency. 
The correction is based on the fact that the 
inductance L in both cases is the same although 
the capacitance differs by the capacitance of the 
spheres. Since at f; the reactance is 27f,L and at 
fe, it is equal to 2xf2L the current required to 
produce 100 kv peak at f; is 4:=i2Xfe/f;. This 
value 7, for the charging current at 180 cycles 
per second is then used as a basis for the no load 
calibration beyond 100 kv peak, a linear relation- 
ship being assumed between voltage and charging 
current. This assumption is reasonable since in 4 
unit of fixed geometry both the inductance and 
the capacitance are independent of voltage. The 
reluctance of the magnetic circuit is affected 
very little by the small amount of iron which 
operates at a very low flux density. The relation- 
ship between voltage and charging current js 
expressed by 


=1)/we, 


L and C representing equivalent values of 


BREAKDOWN STRENGTH KILOVOLTS PEAK 


4. 4 4 — | 
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Fic. 9. Breakdown strength of different insulating 
media used to insulate an earlier 60-cycle transformer as 4 
function of pressure. 


peak current, inductance and capacitance for 4 
circuit with integrated or lumped inductance and 
capacitance. 

For example, with the sphere gap connected, 
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the resonant frequency is 174 cycles per second 
and the current recorded at spark-over on the 
meter in the vacuum tube rectifier circuit is 
7.85 ma. After removing the sphere gap, 100 kv 
peak should then be obtained at 180 cycles with 
174 1807.85 ma=) 7.60 ma and hence for 
1000 kv peak the charging current is 76.0 ma. 

This method of no load calibration has been 
experimentally justified by other methods in- 
volving the use of an insulated pick-up ring 
temporarily placed in the top of the tank nearly 
flush with the inner wall. This ring is connected 
io ground through a capacitor to keep the 
picked up voltage reasonably low. The system 
thus formed consists entirely of capacitance 
elements. In such a system the voltage of any 
one floating potential is a linear function of one 
potential varied at will. 

A connection between the pick-up ring and a 
cathode-ray oscillograph gives a visual record of 
the high voltage and an indication of the pro- 
portionality between the charging current and 
the secondary voltage at no load. By connecting 
a peak volt meter across the pick-up ring- 
grounding capacitor, one can obtain an accurate 
proof of the linear relationship between second- 
ary charging current and secondary voltage. 
The a.c. component of voltage on the pick-up 
ring is exactly proportional to the x-ray tube 
voltage on the peak voltmeter circuit as shown 
in Fig. 10. The vacuum tube does not allow the 
pick-up ring to drop below ground potential. 
Hence the ring assumes a d.c. component of 
vollage proportional to the peak, useful voltage 
of the x-ray tube, as can be seen from the curve 
of Fig. 10; this d.c. component of voltage is 
read on the microammeter which has a five- 
megohim resistor in series. 

When the unit is operating at 1000 kv peak at 
10 load the charging current is 76.0 ma average 
current. A correction must be made in the charg- 
ing current for the x-ray tube load current. The 
reason for this is a slight redistribution of the 
charging current in the distributed capacity of 
the coil to ground when the load is applied. 
Under load conditions the charging current is 
slight!y higher and the correction can be deter- 
mined by the use of the vacuum tube peak volt- 
meter ittached to the pick-up ring in the top of 
the tok. In the calibrated unit with constant 
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geometry, the voltage measurement by means of 
the charging current is independent of variations 
in the line frequency of +10 percent. The normal 
fluctuations of frequency of power systems, less 
than +0.2 percent, have no effect on the output 
voltage or x-ray tube current. 

With the tube drawing 10 ma the wave 
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Fic. 10. Circuit diagram of peak voltmeter. 


distortion produced is still less than one percent 
difference between useful and inverse voltage as 
observed on a peak voltmeter. There is negligible 
wave form distortion from a pure sine wave of 
voltage when the tube is operating over a wide 
range of voltage and current values. The wave 
form of the secondary of the high tension 
transformer is essentially independent of the 
wave form of the supply circuit. Fig. 11 shows 
the oscillographic record of tube voltage wave 
and the voltage wave of the tripler unit supplying 
power to the primary winding. When operating 
at 1000 kilovolts peak and three ma the oscil- 
lating power in the secondary coil is approxi- 
mately 50,000 volt-amperes while the half-wave 
load of the x-ray tube amounts to about 2000 
volt-amperes. This large ratio illustrates the fly 
wheel action of the tuned circuit which tends to 
maintain the perfect sine wave shape of voltage 
impressed on the x-ray tube. 

The voltage measurement has also been 
checked, so far as order of magnitude is con- 
cerned, calorimetrically by a measurement of the 
amount: of target cooling water used, together 
with the temperature at inlet and outlet. 
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2. DETERMINATION OF FILAMENT TEMPERATURE 


To determine the filament current a_ thick 
glass window was introduced in the top of the 
tank at a point commanding a view of an 


A 


#2 


Fic. 11. Oscillographic records of the x-ray unit operating 
at 1000 kv peak and.3 ma. No. 1 secondary voltage, A 
being the useful half-cycle and B the inverse half-cycle. 
No. 2 primary voltage. 


ammeter connected in the filament circuit and 
set in a hole in and screened flush with the 
surface of the hemispherical shield at the top of 
the transformer. Upon operating the outfit at 
1000 kv peak the filament currents and temper- 
atures for different tube milliamperages were as 
indicated in Table I. 

According to tungsten lamp data this x-ray 
cathode delivering three ma of electron current 
should have a life of several thousand hours 
before normal burn-out. Positive ion bombard- 
ment resulting from tube operation at a poor 
vacuum will probably be the determining factor 
in filament life rather than normal tungsten 
evaporation. There are no inherent difficulties 
in sealing this million-volt tube off the pump. 
It is merely a question of economics whether it 
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is cheaper to operate sealed-off tubes at this 
voltage or take on pump equipment with 
replaceable cathodes and anodes. The life of 
sealed-off tubes operating at this voltage js 
unknown. 


3. ELECTRICAL DATA 


The energy losses in the system are mainly 
due to heating of the secondary by the oscillating 
current, and are proportional to the square of 
the voltage generated. 

A characteristic set of operating data is given 
in Table II. 

No special precautions were taken to dry the 
coils. The shields around the Fernico edges of 
the x-ray tube are made of a graphite-phenolic 
resin compound with a resistivity of about ten 
ohm-centimeters and therefore give negligible 
losses. At no load the power factor is high and 
leading. As the load is increased the power 
factor becomes lagging and goes down. The cause 
of this change, is the primary leakage reactance 
which may be considered as a lumped reactance 
in series with the primary. As the primary 
current increases the reactive drop increases and 
the power factor drops. The wattages correlate 
approximately as follows 


W = 120017+ 80017, 


where W=wattage, V = peak voltage in millions, 
and i=the tube current in milliamperes. The 
term 12001? accounts for the no load losses, the 
second one for the electron beam power and a 
third term proportional to the square of the load 


TABLE I. 


FILAMENT* 
DeGrees k 


2155 
2180 
2215 
2245 


TuBE CURRENT FILAMENT CURRENT 
MA AMPERES 


3 4.15 
5 4.28 
8 4.40 
10 4.50 


* The brightness temperature of the x-ray filament as measured by a0 
optical pyrometer. 


current is omitted since the primary winding 
has small losses and the load current in the 
secondary is in quadrature with the much larger 
charging current. A more accurate formula would 
also have to contain a constant term of about 
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40 watts for the losses in the filament circuit 
when the filament is being used. 

The primary voltage and current cannot very 
well be expressed in a simple formula since they 
are the result of vector summations. The 
primary voltage and the power factor are 
influenced by small changes in line frequency, 
hut the primary current, the secondary voltage 
and x-ray tube current are very stable during 
operation. 

The frequency tripler was designed for a 
maximum continuous power output of 10 kilo- 
watts. Since the actual 180-cycle load at 1000 


\\ 
\ | 
| 
Xe 
| 
\ 
E 
~ 
\ “Titty 
= 
0 


4 8 
MILLIMETERS ADDED FILTER 


ic. 12. X-ray measurements. Absorption curve for 
11) kv peak and 1 ma 90 degrees to electron beam axis. 


Wem target-thimble distance. Inherent filtration 1.65 mm 
ot iron, 1 mm of brass, 4 mm of water. Curve A: added 
copper filter. Curve B: added lead filter. 
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Fic. 13. X-ray measurements. Absorption curve for 
1000 kv peak and 1 ma. Zero degrees to electron beam 
axis transmitted x-ray beam. 50 cm target-thimble dis- 
tance. Inherent filtration 1.5 mm tungsten, 4.75 mm nickel, 
15.7 mm of brass and 4 mm of water. Curve C: added 
copper filter. Curve D: added lead filter. 


kv peak and three ma is only 3600 watts, it is 
clear that for this load a smaller and more 
economical tripler could be designed which 
would draw less power and less current from the 
three phase 60-cycle line. 


4. X-Ray OuTpuT 


A measurement of the intensity of the x-ray 
beam was made in two positions (1) 90 degrees 
to the main tube axis and (2) 0 degrees to the 
main tube axis parallel with the electron beam. 

These measurements were made with a 
Victoreen “R’’ condenser meter with the chamber 
positioned in free air. For the measurements of 
the 90-degree beam, the chamber was placed 
five feet or more from all walls. Later experi- 
ments indicated that these wall distances could 
be reduced 50 percent without appreciably 
changing the value of these measurements. With 


TABLE II. Input power data as a function of output power for high voltage unit. 


3-PHASE 180-CYCLE CHARGING TUBE TUBE 
60-CYCLE LINE POWER FROM TRIPLER CURRENT VOLTAGE CURRENT 

Amp. KVA Watts | Voits AMP. KVA Watts PF &%\ MA AVG KV PEAK MA 

218 40 15.0 2300 | 143 8.8 He 1200 96 76.0 1000 0 
li 45 17.0 4900 | 190 19.8 3.75 3600 96 81.2 1000 3 
16 51 19.2 6700 | 220 27.2 6.00 5200 87 84.5 1000 5 
“l 5 80 29.5 12300 | 330 43 14.2 9800 69 86.6 1000 10 
_ 41 15.5 2880 | 172 10.5 18.0 1730 96 91.2 1200 0 
“30 49 18.2 6040 | 224 21.5 4.81 . 4620 96 96.2 1200 3 
“15 60 aa 8380 | 245 30.0 7.35 6530 89 99.5 1200 5 
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the 0 degree transmitted beam, the back wall 
could be brought as close as 12 inches to the 
thimble chamber without producing any great 
error in the intensity measurements due to 
back scatter. 

Figure 12 shows the absorption curves at 
1000 kv peak and one ma for the 90-degree 
x-ray beam at 50 cm target-thimble distance. 
The inherent filtration of the extension chamber 
was 1.65 mm iron, 1.0 mm brass and 4.0 mm 
water. Curve A is the copper absorption curve 
and curve B the lead absorption curve. Fig. 13 
shows the absorption curves at 1000 kv peak 
and one ma for the transmitted x-ray beam 
measured at 0 degrees to the electron beam axis. 
The inherent filtration through this target was 
1.5 mm tungsten, 4.75 mm nickel, 15.7 mm brass 
and 4 mm water. Curve C is the copper absorp- 
tion curve: and curve D the lead absorption 
curve. 

Table IIT shows the change in intensity of the 
x-ray beam per milliampere with kilovoltage. 
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Fic. 14. Losses of transformer without tube as a function 
of kilovolts peak. 


The intensity of the beam in the forward 
direction parallel with the tube axis is practically 
three times the value of the 90-degree beam‘ 
for the same equivalent filtration. 

Since the voltage wave form of the generator 
does not change with load, the x-ray output at 
constant voltage changes linearly with x-ray 
tube current as shown in Table IV. 


XII. Heat Losses in the Resonance Transformer 


The cooling of the transformer windings for 
operation at 1000 kv peak is accomplished by 
spacing the secondary coils 3’; inch apart and 
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Fic. 15. Forced circulation of Freon gas in tank for more 
effective cooling of the unit when operated continuous| 
at voltages in excess of 1000 kv peak. 


permitting the gas to circulate through them by 
normal convection. The spark-over data of the 
curve of Fig. 8 demonstrate clearly the large 
factor of safety against spark-over, for operation 
at one million volts with 40 pounds per square 
inch gauge pressure. A limitation to continuous 
operation of the transformer at a higher voltage 
is the power dissipation and the consequent! 
temperature rise. Fig. 14 shows the wattage 
loss in the transformer alone for different 
operating voltages. The wattage loss of the 
transformer without load is proportional to the 
square of the voltage within experimental erro’ 
over the full range of measurements. 
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The million-volt unit reaches a maximum 
temperature rise in the hemispherical cap, of 35 
degrees C, when operated for eight hours at 
1000 kv peak. With a blower which propels the 
gas through the transformer at the rate of 20 
cubic ft. per minute the unit has been operated 
continuously at 1250 kv peak for eight-hour 
periods and reached a maximum temperature 
rise of 45 degrees C. A later unit has been 
constructed with a space of 3 inch between the 
shell supporting the laminated steel and the 
tank wall, thus allowing circulation of the gas 
downward through this space and _ providing 
better natural cooling by free convection. 

For continuous operation at voltages very 
much higher than 1000 kv peak, a simple water- 
cooled heat exchanger with a blower to circulate 
ithe gas can be designed to keep the unit to any 
desired maximum temperature (Fig. 15). 

In x-ray units, of the same basic design as the 

lance IIL. Change in intensity of the x-ray beam per 
milliampere with kilovoltage, as measured along the axis 
parallel with the electron beam and ai 90 degrees to it. 50 cm 


turget-thimble distance. 


90-DEGREE BEAM 
| 
| O-DEGREE EQUIVALENT | X-RAY BEAM 
} BEAM FILTRATIONY | Ratio 0°/90° 
INHERENT INHERENT TO 0-DEGREE THROUGH 
FILTRATION*® | FILTRATIONT BEAM EQUIVALENT 
KV PEAK | R/MA/MIN, R/MA/MIN. R/MA/MIN. FILTRATION 
| 10.0 44.0 3.8 2.6 
900 | 15.6 58.5 5.7 2.7 
1000 | 76.0 8.0 - 2.8 
1100 | 32.0 92.0 11.0 2.9 
1200 | 43.5 108.0 14.5 3.0 


rent filter O-degree beam—1.5 mm tungsten +4.75 mm nickel 

1 mm brass +4.0 mm water. 

| Inherent filter 90-degree beam 
water 


* Inhe 


1.65 mm iron +1.0 mm brass +4.0 


} Equiv alent filter 90-degree beam 


inherent filter + 1.5 mm tungsten 
mm nickel + 12.7 mm copper. 
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TABLE IV. Change in intensity of the x-ray beam with 
milliamperage at constant voltage as measured along the 
axis parallel with the electron beam and at 90 degrees to it. 
50 cm target-chamber distance. 


90-DEGREE BEAM 
EQUIVALENT FILTRATIONT 
TO O-DEGREE BEAM 
ToTaL R PER MIN. 


0-DEGREE BEAM 
INHERENT FILTRATION* 


KV PEAK MA TotTaL R PER MIN. 


1000 1.0 22.5 8.0 
1000 3.0 62.4 21.6 
1000 | 9.0 196.7 68.8 


* Inherent filtration O-degree beam—1i.5 mm tungsten+4.75 mm 
nickel + 15.7 mm brass +4.0 mm water. 

+ Equivalent filtration to O-degree beam—1.65 mm iron+1.0 mm 
brass +4.0 mm water+1.5 mm tungsten+4.75 mm nickel +12.7 mm 
copper. 


1000-kv peak outfit, which are built for operation 
at lower voltages and hence of smaller dimen- 
sions, it may be desirable in some instances to 
use oil insulation in place of gas to facilitate 
the cooling problem. 

In one x-ray unit, built to operate at 250 kv 
peak and 30 ma, housed in a tank 21 inches in 
diameter and 32 inches high, 10-C transil oil 
can be used to meet the necessary insulating 
and cooling requirements. 

Resonant transformer x-ray units for voltages 
higher than one million can readily be designed 
to operate at lower resonant frequencies. With 
resonance at 60 cycles, the need of frequency 
changing equipment would be eliminated. 
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Here and There 


Professor Bergen Davis and Professor Daniel D. Jackson, 
of the Department of Physics of Columbia University, 
have leave of absence for the present semester. 


* 


Dr. Harold C. Urey, Professor of Chemistry at Columbia 
University, has been appointed executive officer of the 
Department of Chemistry for a term of three years be- 
ginning on July 1. He will succeed Dr. Henry C. Sherman, 
Mitchill Professor of Chemistry, who has been head of the 
department for the last twenty years. Dr. Sherman will 
devote his time to research and teaching. Dr. J. Enrique 
Zanetti, Professor of Chemistry, has been named to the 
newly established position of Director of Laboratories. 


* 


Dr. Samuel C. Lind, Dean of the Institute of Technology 
of the University of Minnesota, previously Director of the 
School of Chemistry, has been chosen President-elect ot 
the American Chemical Society. 


* 


Professor Frank E. Richart, Professor of Engineering 
Materials at the University of Illinois, was elected Presi- 
dent of the American Concrete Institute at the recent 
annual meeting in New York City. 


* 


The John Simon Guggenheim Memorial Foundation 
announces the following fellowship awards in the field of 
physics: 

Dr. Maurice Ewing, Assistant Professor of Physics, 
Lehigh University, his second fellowship, for deep-sea 
investigations by gravitational and seismic methods. 

Dr. Hubert M. James, Professor of Physics, Purdue 
University, to make a study of the application of wave 
mechanics to the computation of intensities in band spectra. 

Dr. Rose C. L. Mooney, Associate Professor of Physics, 
Newcomb College and Tulane University, for research into 
the structure of crystals by methods of x-ray analysis. 


* 


Nature reports that at the meeting of the Royal Society, 
held on March 16, the following were among those who 
were elected fellows of the Society: 

A. J. Bradley, Assistant Director of Research in Crystal- 
lography, Cavendish Laboratory, Cambridge, distinguished 
for his methods of applying x-ray crystallography to 
elucidate the structure of metals, and particularly the 
gamma-phase and order and disorder in alloys. 

G. W. C. Kaye, Superintendent, Physics Department, 
National Physical Laboratory, distinguished for his pioneer 
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work in x-ray measurements and for his studies on acoustics 
and physical constants: has rendered valuable service to 
the Radium Protection Committee and the Nationa| 
Radium Commission. 

I. Masson, Vice Chancellor of the University of Sheffield, 
formerly Professor of Chemistry, University of Durham, 
distinguished for his researches in physical chemistry, 
particularly on the physical interaction of mixed gases 
and on new aspects of the chemistry of iodine. 

C. E. K. Mees, Vice President of the Eastman Kodak 
Company, Rochester, New York, distinguished for his 
influence on the technology of photography, thereby assist. 
ing advance in many branches of science. 

E. J. Williams, Professor of Physics, University of Wales, 
Aberystwyth, distinguished for his researches on the pas- 
sage of electric particles through matter, and on individual 
collision processes, which have provided evidence for the 
existence of the heavy electron. 


* 


The Board of Trustees of the Lalor Foundation has 
announced the following awards: 

Dr. Robert Byron Jacobs, of the Research Laboratory 
of Physical Chemistry of the Massachusetts Institute of 
Technology, to continue work with Dr. F. G. Keyes on 
the fundamental properties of materials at low tempera- 
tures. 

Dr. William Earl Roseveare, Assistant Professor at the 
University of Wisconsin, to work with Dr. Henry Eyring 
at Princeton University on the determination of inter- 
molecular forces in binary gaseous mixtures. 


* 


The title of the Pilgrim Trust Lecture delivered by Sir 
William Bragg at 8:30 p.m., on Monday, April 24, at the 
Washington meeting of the National Academy of Sciences 
was ‘‘History in the Archives of the Royal Society.” 


* 


The James Arthur Lecture on Time and its Mysteries 
at New York University was given in the auditorium 0! 
Gould Memorial Library, University Heights, on April 26 
by Dr. A. H. Compton, Professor of Physics at the Uni- 
versity of Chicago. The subject of the lecture was “Time 
and the Growth of Physics.” 


* 


A new Hall of Optical Science, part of the Division of 
Light, Vision and Optics, was opened on April 20 at the 
New York Museum of Science and Industry in Rockefeller 
Center. The opening of the exhibition was marked by 2 
anniversary luncheon in honor of William Bausch, Vice 
President of Basuch and Lomb Optical Company, whos 
experiments in optical glass manufacture, begun jus! 
twenty-five years ago, have resulted in notable achieve 
ments in this branch of American industry. Following the 
luncheon, the guests inspected the new exhibition, afte! 
which it was opened to the public. 
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ASTM Annual Meeting 


lhe American Society for Testing Materials will hold 
¢s annual meeting at the Chalfonte Haddon Hall, Atlantic 
City, New Jersey, from June 26 to 30. The technical pro- 
gram will include, among other topics, round table discus- 
sions on Quantitative spectrochemical analysis, effect of 
subatmospheric temperatures on the properties of metals, 
and fatigue of metals. In addition, an exhibit will be held 
on testing apparatus and related equipment. 


* 
Society of Automotive Engineers 


An extensive program is being developed for the 1939 
World Engineering Congress of the Society of Automotive 
Engineers. Some sixty technical papers by well-known 
authorities are given on the preliminary program; over 
one-third of the speakers are Europeans. The Congress 
opens on May 22 in New York for a five-day session, will 
be in Indianapolis from May 29 to May 30, in Detroit 
from May 31 to June 2 and closes with a three-day session 
San Francisco, ending on June 8. Advanced engineering 
lesign problems of aircraft, automobiles, trucks, buses, 
railears, the role of tractors in our national economy, 
erating problems of fleet owners and reports on fuel 
ud lubricant developments will be covered by the Con- 


re 
gress. 


* 
American Geophysical Union 


lhe twentieth annual meeting of the American Geo- 
physical Union and its seven sections (Geodesy, Seismol- 
xy, Meteorology, Terrestrial Magnetism and Electricity, 
Qceanology, Voleanology and Hydrology) was held in 
Washington, D. C., on April 26, 27, and 28. At the regular 
sessions of the sections, scientific papers were presented. 
lhe principal feature of the general assembly, which was 
held in the auditorium of the National Academy and 
Kesearch Council Building on the afternoon of April 28, 
was a symposium on geophysical prospecting. At this 
symposium papers were presented as follows: geophysical 
ethods in petroleum exploration, by J. Brian Eby; elec- 
trical and magnetic exploration in the mining industry, 
by Sherwin F. Kelly; and geophysical prospecting by the 
Federal Government, by F. W. Lee, J. H. Swartz and 
Irwin Roman. On the evening of April 27, a smoker was 
held in Building D of the George Washington University, 
2013 G Street, N.W. 

* 
Symposia in Physics at the University of Chicago 


[wo symposia of interest to physicists are to be held 
tthe University of Chicago from June 23 to 30, as follows: 

|. Symposium on Liquids and Polyatomic Molecules, a 
vint symposium of the chemistry and physics departments, 
to be hel! on June 23 and 24 and on June 26 and 27. 

The frst part of the symposium is devoted to the 
quid ste (structure of liquids, viscosity, condensation 
the fusion process, two-dimensional liquids, 
‘ra-red \bsorption and hydrogen bonding). The second 
part inc! les discussion of visible and ultraviolet spectra 


of liqui 
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of complex molecules, the color of dyes, refractivity, optical 
activity and liquid and molecular viewpoints in nuclear 
structure. The speakers include K. F. Herzfeld, B. E. 
Warren, J. G. Kirkwood, O. K. Rice, F. A. Ogg, Jr., J. E. 
Mayer, H. Eyring, W. D. Harkins, W. H. Rodebush, L. 
Pauling, R. S. Mulliken, E. Teller, J. Franck, T. R. 
Hogness. 
II. Symposium on Cosmic Rays, June 27 to 30. The 

subjects to be discussed include: 

The Intensity and Absorption of Cosmic Rays. 

Geographic and Geomagnetic Effects. 

Time Variations of Cosmic Rays. 

Composition of Cosmic Rays. 

Energy Distribution of Cosmic Rays. 


Showers and Bursts. 
Mesotrons and Other Heavy Particles. 


The expected participants include: 


P. Auger from Paris; W. Bothe and W. Heisenberg from 
Germany; P. M. S. Blackett and B. Rossi from England; 
J. Clay from Holland; G. Herzog from Switzerland; C. 
Anderson, V. F. Hess, T. H. Johnson, R. A. Millikan, 
W. F. G. Swann, M. S. Vallarta from elsewhere in the 
United States, and A. H. Compton, W. P. Jesse, M. Schein 
and V. Wilson from Chicago. 


* 
Fellowship in Electrochemistry 


The Electrochemical Society has just awarded the 
eleventh Weston Fellowship of $1,000 to Mr. Waldemar 
P. Ruemmler of St. Louis, Missouri. Mr. Ruemmler will con- 
tinue his research at Columbia University, investigating 
the electrodeposition of antimony. The work will be done 
under the direction of Professor Colin G. Fink. 


* 


Calendar of Meetings 
May 
22-June 8 World Automotive Engineering Congress, New York, 
Indianapolis, Detroit, San Francisco. 


June 

19-24 American Association for the Advancement of Science, 
Milwaukee, Wis. 

23-24 American Physical Society, Princeton, N. J. 

26-30 American Society of Testing Materials, Atlantic City, N. J. 

27-30 Institute of Radio Engineers, San Francisco, Cal. 

ithe American Physical Society, Stanford University, Cal. 

uly 

6-8 Sixteenth Colloid Symposium, Stanford University, Cal. 

10-14 Society of Mechanical Engineers, San Francisco, 
Cal. 

10-13 American Institute of Mining and Metallurgical Engineers, 
San Francisco, Cal. 

September 

4-12 International Congress of Mathematicians, Cambridge, 

ass. 

4-15 International Union of Geodesy and Geophysics, Washing- 
ton, D. C 

11-15 American Chemical Society, Boston, Mass. 

20-23 Institute of Radio Engineers, New York, N. Y. 

October 

5-7 American Institute of Mining and Metallurgical Engincers, 
Coal Division, Columbus, Ohio. 

12-14 Optical Society of America, Lake Placid, N. Y. 

23-25 American Institute of Mining and Metallurgical Engineers, 
Metals Division, Chicago, II. 

23-27 American Society for Metals, Chicago, III. 

November 

2 U. S. Institute for Textile Research, New York, N. Y. 

2-4 American Institute of Mining and Metallurgical Engineers, 
Industrial Minerals Division, Tuscaloosa, Ala. 

15-17 —- Institute of Chemical Engineers, Providence, 

December 

1-2 American Physical Society, Chicago, III. 

27-Jan.2 American Association for the Advancement of Science, 
Columbus, Ohio. 

28-30 American Physical Society, Coumbus, Ohio. 

28-30 Geological Society of America, Minneapollis, Minn. 
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Miiton B. Dobrin received the S.B. degree in Physics at 
the Massachusetts Institute of Technology in 1936 and 
spent the following year at Columbia University on a 
Graduate Residence Scholarship. Since 1937 he has been 
connected with the Geophysics Division of the Gulf 
Research and Development Company. 


r Guenther von Elbe was born in Germany in 1903. He 
; studied physics and chemistry at the Universities of Kiel 
é and Berlin and received his Ph.D. from the latter in 1929, 

From 1928 to 1930 he was a Liebig and Notgemeinschaft 
[. Fellow at the University of Berlin, and from 1930 to 1932 
A M. B. Dobrin a duPont Research Fellow and research associate at the 


University of Virginia. In 1932 he became a member of 
the Coal Research Laboratory, Carnegie Institute of Tech- 
nology. Since 1934 he has been engaged in a study of gas 
reactions and the properties of flames and explosions in 
cooperation with the United States Bureau of Mines. He 
is a United States’ citizen. 


Lauriston P. Winsor was born in Johnston, Rhode Island, 
in 1914. He received the degree of Sc.B. from Brown Uni- 
versity in 1936, and M.S. in Electrical Engineering from 


the Graduate School of Engineering at Harvard University 


the following year. At the present time, he is an Assistant 
in Electrical Engineering at Harvard, where he is con- 
L. P. Winsor tinuing his work in preparation for the degree of Sc.D. B. Lewis 


Bernard Lewis was born in London, England, in 1899. 
He received his B.S. in Chemical Engineering in 1923 from 
the Massachusetts Institute of Technology and his M.A. 
in 1924 and Ph.D. in 1926 in Physical Chemistry from 
Harvard and Cambridge Universities, respectively. He 
held a National Research Fellowship at the Universities 
of Minnesota and Beriin from 1926 to 1929. Since 1929 he 
has been studying the self-ignition of gases, flame propaga- 
tion and the properties of explosions at the United States 
Bureau of Mines at Pittsburgh. He is a co-author with 
Guenther von Elbe of a book Combustion, Flames, and 
Explosions of Gases published in 1938 by the Cambridge 
University Press and Macmillan Company. W. F. Westendorp 


L. E. Dempster 


L. E. Dempster. was born in Leicester, England. After W. F. Westendorp, born in Amsterdam, Holland, © 
two years in high school there he came to America and ceived his E.E. degree from the University of Deltt 
since 1898 has been with the General Electric Company, Holland, in 1928, and immediately went to Schenectat) 
at first in the Schenectady Works, and since 1901 in the New York. Following work in the Testing Departmet 
Research Laboratory, except for three years from 1907 to and in the Advance Engineering Course, he joined the 
1910 when he was with the incandescent lamp department. Research Laboratory staff in 1930. Since then he has beet 
His work in recent years has been with x-ray apparatus. 


a research engineer in x-ray work. 
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G. Hotaling R. D. Richtmyer G. Fonda E. E. Charlton 


George Hotaling entered the Schenectady Works of the Gorton R. Fonda, a graduate of New York University, 
General Electric Company in 1901, and five years later received the degree of Dr. Ing. from Karlsruhe, Germany, 
was transferred to the Research Laboratory. He has been _ in 1910. He is employed in the Research Laboratory of the 
particularly interested in x-ray equipment developments. General Electric Company at Schenectady. 


E. E. Charlton, in charge of the section of the General 

Electric Research Laboratory, Schenectady, devoted to 

Robert Davis Richtmyer was born in Ithaca in 1910. He x-ray tube and generating apparatus developments, re- 
received his A.B. from Cornell in 1931, his M.A. in 1932 ceived his A.B. degree from Grinnell College in 1913, and 
and his Ph.D. from Massachusetts Institute of Technology his M.S. and Ph.D. degrees from the University of Illinois 
n 1935. Since 1935 he has been Instructor in Physics at in 1915 and 1918, respectively. He has been a research 
Stanford University. engineer with the General Electric Company since 1920. 


Letter to the Editor 


Centrifugal Stresses in Rotating Disks coefficient is increased 25 times. If the specimen is subjected 
to external load at this temperature and allowed to cool 
slowly to room temperature while still under load the 
deformation and photoelastic optical effect are ‘‘frozen”’ in. 
This is brought about by the solidification of the liquid 
A phase within the space lattice formed by the C phase. 
Subsequent removal of load leaves the deformation and 
optical pattern virtually unaltered. 

These properties are taken advantage of by spinning 
(at constant speed) a Bakelite model of the rotor to be 
studied, raising its temperature to about 110—115°C, and 
slowly cooling to room temperature. The specimen may 
then be removed from its mounting and studied while at 
rest. This technique eliminates the tremendous handicaps 
of the stroboscopic method which has the disadvantage of 
requiring high speeds, high intensity of illumination, and 
extremely accurate synchronization. A stroboscopic study 
also requires the construction of a mounting which permits 
viewing the central portion of the disk during rotation— 
a great hindrance because the axis of the polariscope and 
the axis of rotation must be practically coincident. The 
increased optical sensitivity at an elevated temperature 
makes possible the use of relatively low speeds and small 
models (the accompanying photograph was made of a 
model 53”’ in diameter and one inch thick having 6 quarter- 
inch holes located at 60° intervals on a circle of one-inch 
radius; speed—1800 r.p.m.). The technique is applicable 
to all problems of centrifugally-induced stress distributions 
where the speed of the rotor is constant. 

A more detailed account of these investigations will be 
published upon completion of the current experiments. 

R. E. Newton 


In recent experiments at this laboratory the photo- 
elastic method has been successfully applied to the de- 
‘termination of centrifugal stresses in rotating disks. The 
new technique depends upon the double structure of 
Bakelite BT-61-893.! Bakelite consists of two phases, one 
of which (the A phase) fuses at relatively low temperatures. 
lf a sample is heated the viscosity of the A phase is 
rapidly lowered until it becomes virtually negligible at 
about 115°C, whereas the C phase is little affected. At 
this temperature the modulus of elasticity is reduced to 
| 640 of its value at room temperature and the stress-optic 


Washington University, 
St. Louis, Missouri, 
April 22, 1939. 


1 For a complete account see M. Hetenyi, Fundamentals of 
Three-Dimensional Photoelasticity,"’ J. App. Mech. December (1938). 
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New Books 


Fundamental Electronics and Vacuum Tubes. A. L. 
ALBERT, Professor of Communication Engineering, Oregon 
State College. Pp. 422+ ix, Figs. 284, 15X23 cm. Mac- 
millan Company, New York, 1938. Price $4.50. 

The aim of this book is obviously to give a stmple and 
halanced coverage of the large amount of detail underlying 
the field of electronics. It does so, in a technically-descrip- 
tive manner. This means that a figure or a diagram is given, 
of a tube or of a circuit, together with the characteristic 
curves, charts, wave forms, an occasional equation or 
two, and a clear, but brief, statement of the important 
definitions, features and principle of operation. The book 
is only “fundamental” in the sense that it deals with the 
tubes and their immediate circuits, avoiding the multi- 
plicity of applications in the communication and power 
fields. There are relatively few equations and these, in 
general, are not derived. Carefully chosen references, 
mostly to engineering books and magazines, are given at 
the end of each chapter and are referred to frequently in 
the text as an aid toa more profound study of the subject. 
The various topics are well balanced, without undue em- 
phasis of any one branch of the material. 

The book proceeds in a logical sequence from the simple 
to the more complex. Thus the early chapters, which deal 
with electrons and their emission, are followed by chapters 
on two-, three- and multi-electrode tubes. Thereafter, the 
tube-plus-circuit combinations are treated in the following 
order: rectifiers, voltage and power amplifiers, oscillators, 
modulators and demodulators. The last two chapters deal 
with photoelectric and cathode-ray tubes and their circuits. 

There are comparatively few mistakes in this first edi- 
tion, but it might be mentioned that the constitution of 
the nuclei of atoms, as given in the first chapter, does not 
agree with modern theory. 

J. Barton HoaG 
University of Chicago 


The Mobility of Positive Ions in Gases. A. M. TYNDALL. 
Pp. 93, Figs. 35, 1422 cm. Cambridge Physical Tracts. 
Cambridge University Press and Macmillan Company, 
New York, 1938. Price $1.75. 

This tract is the second in the series on current physics 
which is being issued by the Cambridge Press. It deals 
with the results on positive ionic mobilities in gases which 
have been primarily obtained by Tyndall and his co- 
workers at Bristol. This is however justifiable for the reason 


that the work at Bristol in this field has been so effective - 


that it has rendered obsolete much of the earlier work. 
Due recognition is however given to results obtained else- 
where which have been able to stand the test. 


Aside from experimental skill the effectiveness of the 
work at Bristol rests on the development of an effective 
method which has permitted a thorough baking out of the 
apparatus, thereby reducing the chance of impurities, This 
was the defect in much of the earlier work. 

The mobility of metallic ions in nitrogen has received 
special attention, although the mobilities of several of the 
metallic ions in the inert gases as well as CO, CO, and H.0 
have been obtained. 

Naturally the results have been checked against Lange. 
vin’s theory and the agreement in nitrogen and in the 
inert gases is gratifying. 

Very striking results are given showing the relation 
between mobility, field and pressure. The study of polar 
impurities and the effect of temperature are also of interest, 

This tract should be of special interest to those interested 
in chemical interactions. It is quite nonmathematical and 
well illustrated by means of figures. 

This tract will prove to be a very helpful unit in the 
very useful series the Cambridge Press has undertaken 
to issue. 

Henry A. ErtkKson 
University of Minnesota 


Modern Atomic Theory. An Elementary Introduction. 
J. C. SPEAKMAN. Pp. 207, Figs. 10, 1319 em. Longmans 
Green & Co., New York, New York, 1938. Price $2.00. 

This book is intended as a supplement to ordinary first- 
year college textbooks of physics and chemistry. A student 
really interested in physics and chemistry might find it 
useful to read during the vacations in his freshman and 
sophomore years. However there are other books, for in- 
stance Millikan’s The Electron, which he would probably 
find more exciting and stimulating. 

The book could have been improved by including many 
more interesting pictures such as those of expansion 
chamber particle tracks. Also a fuller description with 
diagrams of the more important experimental methods 
would have helped the reader to get a better grasp of the 
subject. Room for these could have been found by omitting 
some questions difficult to discuss adequately in an ele- 
mentary way. 

There are some errors in the book. For example, it is 
stated that the ionizing effect of a particle increases with 
its mass so that the mass can be estimated from the ions 
per cm of path and secondary beta-rays are attributed to 
the Compton effect of nuclear gamma-rays on the K and 
L electrons. 

The writer’s general impression is that this book is a! 
about the average level of elementary textbooks writtet 
by authors who have mainly derived their information 
from other textbooks. It has the merit of containing some 
information about nearly everything in modern atomic 
theory and it is readable by anyone with an elementary 
knowledge of physics and chemistry. 

H. A. WILSON 
The Rice Institute 
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Contributed Original Research 


Dielectric Resonators 


R. D. RIicHTMYER 
Stanford University, California 
(Received December 14, 1938) 


We show that suitably shaped objects made of a dielectric material can function as electrical 
resonators for high frequency oscillations. We develop the theory of such resonators very briefly 
and compute their resonant frequencies and losses in some very simple cases. The paper 
concludes with an observation on the behavior of dielectric wave guides. 


1. GENERAL DISCUSSION 


T was shown by Rayleigh! that an “infinitely” 

long cylinder of a dielectric material can serve 
as a guide for electromagnetic waves of certain 
frequencies. That means that the dielectric has 
the effect of causing the electromagnetic field 
except for a small part which decreases exponen- 
tially with increasing distance from the cylinder) 
io be confined to the cylinder itself and the 
immediately surrounding region of space. More 
recently Southworth and collaborators? at the 
Bell Telephone Laboratories have studied the 
properties of such wave guides from the point of 
view of electrical communication. 

On the basis of this phenomenon W. W. 
Hansen has suggested (unpublished) that if a 
long dielectric cylinder were bent intg a ring and 
the ends joined together, it would’ guide the 
waves round and round indefinitely, so that they 
would be confined to a finite region of space 
again except for an exponentially decreasing 
part outside). Such an object would act as an 
electrical resonator, the resonant frequencies 
being determined by the fact that the field must 
have the same phase at the two ends which are 
joined together to make the ring. This paper 
develops some of the theory of this resonator and 
similar ones having other shapes finite in extent, 
and wil! refer to them as dielectric resonators. 

Han-en's conclusion will be found to be essen- 

— gh, Phil. Mag. 43, 125 (1897). 

See +, C, Southworth, Bell Sys. Tech. J. 14, 330 


1936) - ), 284 (1937); J. R. Carson, S. P. Mead and. A. 
Schelkur off, ibid. 15, 310 (1937). 
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tially correct, although a slight modification is 
required. If the part of the field outside of the 
resonator could decrease exponentially with in- 
creasing distance from the resonator, and con- 
tinue to do so as the distance is increased 
indefinitely, there could be no loss of energy by 
radiation, and neglecting dielectric losses oscilla- 
tions once set up would continue indefinitely. 
However we shall see that according to the laws 
of electrodynamics the field cannot decrease in 
quite the manner required, and that it is in fact 
impossible to confine electromagnetic waves to a 
finite region of space with the aid of dielectric 
material alone. Nevertheless in certain cases the 
energy will escape only very siowly, so that the 
resonator will exhibit only slightly damped oscil- 
lations. Sections 4 and 5 below describe certain 
cases of this sort and give their resonant fre- 
quencies and rates of damping. 

The paper lastly considers the effect of bending 
dielectric wave guides around corners, and con- 
cludes that in many cases a certain fraction of 
the energy will escape in going around the corner. 
This fraction will be smaller, the larger the radius 
of bending in comparison to the wave-length. 
We give order-of-magnitude formulas for the 
attenuation due to this cause. 


2. PROOF THAT A DIELECTRIC RESONATOR 
Must RADIATE 


We deal here with periodic solutions of Max- 
well’s equations for the dielectric resonator sur- 
rounded by empty space, and we consider a 
system of spherical polar coordinates, r, 0, ¢, 
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whose origin is in or near the resonator. Since 
the resonator is considered finite, it will be con- 
tained entirely within some sphere of radius R. 
Outside this sphere the field can be expanded in 
terms of a fundamental set of solutions, obtained 
by separating the vector wave equation in polar 
coordinates. The radial dependence of these 
solutions will be given essentially by various 
Hankel functions of the first and second kind, 
whose orders are half-odd-integers, and whose 
arguments are kr with k=27/wave-length.* The 
Hankel functions of the second kind represent 
Waves coming in toward the origin from infinity, 
and since in a physical case such waves would 
not be present, we must assume that only the 
Hankel functions of the first kind have non- 
vanishing coefficients in our case. Under these 
circumstances the total power radiated is pro- 
portional to the sum of the squares of the abso- 
lute values of the coefficients.* If the power 
radiated is zero, all the coefficients must vanish, 
and the field vanishes identically outside the 
sphere of radius R. By the principle of analytic 
continuation of solutions of the wave equation 
we see that the field must vanish identically 
everywhere outside the resonator, and in par- 
ticular it must vanish just outside the surface 
of the resonator. At this surface the boundary 
conditions are that the tangential components of 
the electric intensity EZ and the normal com- 
ponent of the electric displacement D must be 
continuous. The dielectric constant is assumed 
finite, and so the field must vanish everywhere 
just inside the outer surface of the resonator. 
Continuing in this fashion we finally conclude 
that the only nonradiating solutions are zero 
everywhere. 

It is quite essential for this proof that the 
wave equation is of the second order in the time 
derivative. Were it of the first order (as is the 
Schrédinger equation), the quantity k could 
assume pure imaginary as well as real values 
(for periodic solutions), and then the Hankel- 
function solutions would not lead to loss of 
energy by radiation. 

An alternative method of proof, suggested to 
the author by Professor Hansen, shows very 
clearly the nature of the electromagnetic fields 


3W. W. Hansen and J. G. Beckerley, Proc. I. R- E. 
24, 1594 (1936). 
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involved. It starts by observing, as before, that 
the field cannot vanish identically outside the 
resonator, if there are oscillations present, and 
then considers the nodal surfaces of the vecto; 
potential. The field outside can be thought of as 
caused by a certain current distribution inside 
the resonator; this current in fact consists of the 
motions of the ions of the dielectric. The vector 
potential can be obtained by multiplying the 
current density by the Green's function 
and integrating over the current distribution, 
Here r is the distance from point P; (integration 
point) to point P2, and the value of the integral 
is the vector potential at P». The nodal surfaces 
consist of points P2 for which contributions to 
the integral from one part of the current dis. 
tribution just cancel those from the remainder: 
and from the nature of the Green's function it 
follows that if the distance r is very large com- 
pared to the dimensions of the resonator, the 
conditions for such canceling will depend only 
on the direction of Ps from the resonator, and 
not on its distance. In other words, the nodal 
surfaces are asymptotic at large distances to a 
family of cones (of course, not necessarily circu- 
lar) whose apexes are, for example, at the center 
of the resonator. As point P: is moved about 
keeping its distance from the resonator fixed and 
large, the vector potential varies very slowly 
since the nodes are far apart, and to make up 
for this it must be an oscillatory function of the 
distance of P, from the resonator. The oscilla- 
tions represent outgoing waves and, therefore, 
radiated energy. 


3. RESONANT FREQUENCIES AND MODES OF 
OSCILLATION 


As a consequence of this theorem, in order to 
investigate the oscillations of a dielectric res0- 
nator, we must imagine it to be continually 
supplied with energy from some outside source. 
From the mathematical point of view it is 
simplest to suppose that this energy is supplied 
in the form of electromagnetic waves coming 
from infinity in toward the origin, or in other 
words to remove the prohibition of Hankel 
functions of the second kind in the solution 0 
Maxwell’s equations for the system. Then for 
any given frequency the most general solution 
will involve an infinite number of arbitrary 
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parameters, in addition to the frequency itself. 
For example, if the field outside the resonator 
ie expanded as described in the theorem, the 
amplitudes and phases of all the incoming waves 
will be arbitrary. The extent to which the 
resonator “resonates” to excitation of this kind 
is conveniently characterized by the quantity 
energy stored 
—, (1) 
power radiated 

By “power radiated” we mean the energy. radi- 
stall per second, as computed from the outgoing 
waves only, This is, of course, equal to the 
energy supplied the resonator per second, as 
computed from the incoming waves only. By 
“energy stored” we mean the total electro- 
magnetic energy within the resonator itself, 
averaged over a complete cycle.‘ w is 27 times 
the frequency. Q is a finite, positive quantity 
and is a continuous function of all the param- 
eters, including the frequency, which charac- 
terize the solution, and therefore will have 
maxima for certain values of the parameters. 
Such a set of values of the parameters define 
what we will call a resonant mode of oscillation. 
li will appear below that in some cases these 
maxima may be very sharp and high. These 
resonant modes are analogous to the metastable 
states of a heavy particle in certain radioactive 
iuclei according to wave mechanics. 

In the specially simple cases amenable to 
calculation it is possible to determine the reso- 
nant frequencies and modes quite accurately 
without actually maximizing Q with respect to 
the infinitely many parameters, but in spite of 
this we believe it advisable to formulate the 
definition as we have done. 

‘This definition of energy stored in the resonator is to 
some extent arbitrary. In general the field immediately 


outside the resonator will be comparable with that inside, 
and it might seem that we should include the energy of 
‘is part of the field. The reason we do not is that one 
cannot say just how much of the field outside to include; 
certainly one should not include it all, since the incoming 
‘nd oulgoing waves, even though they be extremely 
leeble, contain an infinite amount of “stored” energy 
spread cut over all space. Perhaps one should include all 
the energy out to the point where the field stops decreasing 
‘poner cally and starts oscillating. In the cases we have 
calcula. | this would produce only a small change in our 
‘sual: of the stored energy. The change is small, partly 
‘he exponential decrease is rapid, and partly 
‘he dielectric constant, which enters into the 


insite pression, is smaller outside the resonator than 
Inside, 


becausi 
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4. SomME RESONANT Mopes oF A DIELECTRIC 
SPHERE 


We treat the case of a solid spherical resonator 
first because of its simplicity, and again use polar 
coordinates with the origin at the center of the 
sphere. We will confine our attention to a solution 
involving Hankel functions of just one order 
(assumed quite large), and we will express it in 
terms of the Bessel and Neumann functions of 
that order. Inside the sphere only the Bessel 
function is allowed, because of the requirement 
of finiteness at the origin, but outside we will 
generally have a linear combination of the two, 
adjusted to satisfy the boundary conditions at 
the surface of the sphere. We can draw conclu- 
sions from the radically different behaviors of 
the two functions. For arguments larger than 
the order, they are very much alike in general 
characteristics—they are both oscillatory, and 
with roughly the same period and amplitude. 
But when the argument is less than the order 
and is allowed to approach zero, the Bessel 
function approaches zero very rapidly while the 
Neumann function becomes infinite very rapidly. 
In some cases we can satisfy the boundary con- 
ditions in such a way that the value of the argu- 
ment corresponding to the surface of the sphere 
is considerably less than the order. Then the 
Bessel function part of the solution corresponds 
to a very large amount of radiated power and a 
very small amount of stored energy, whereas just 
the reverse is true for the Neumann function. 
Then the maximum values of Q will occur for 
those frequencies such that only the Neumann 
function is present outside the sphere. We wish 
to compute these frequencies and the corre- 
sponding values of Q. 

The vector potential, which, in a gauge such 
that the scalar potential vanishes, is proportional 
to the electric field,’ can be taken to be 


Inside: 


1 im d 
(kyr)? sin 6 dé 


Outside: (2) 


a im d 
(ker)} sin 6 dé 


with @), ky/\/e=ko=w/c. 
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€ 1s the dielectric constant of the sphere. The 
constant a and the frequency are to be deter- 
mined by the condition that at the surface of 
the sphere the tangential components of A and 
of its curl must be continuous. This requires 
that the frequency satisfy the equation 

(3) 

kiro Revo) koro 
The frequency is involved implicitly through 
the k’s. ro is the radius of the sphere. To deter- 
mine the energy stored one integrates the 
electromagnetic energy density over the volume 
of the sphere; to determine the power radiated 
he separates the Neumann function of (2) into 
incoming and outgoing Hankel functions, com- 
putes Poynting’s vector from the outgoing one 
and integrates this vector over the surface of a 
large sphere. The complex field strengths must of 
course first be replaced by their real parts. 
This gives 


kiro 2 2 J’ 2 
2 kiro Jisy(Riro) 
x | Revo) (4) 


Below are some typical values computed from 
these formulas. Eq. (3), which was solved by a 
numerical procedure, requires that the argument 
kyr fall just slightly short of one of the roots of 
the Bessel function. The quantities given below 
all refer to the case in which this is the first root 
of the Bessel function. We have expressed the 
frequency in terms of the vacuum wave-length X. 


Fore=5, 1= 7; /ro=1.37, QO=206; 


1=10; d/ro=1.035, Q=3100; 
1=20; d/ro=0.571, O=27-10°. 


II 


€ 


To see what the functions look like, we have 
plotted a quantity proportional to or 
as function of r for constant 6, ¢, for 7=10, 
in Fig. 1. It is seen that the wiggies of the 
Neumann function, representing radiated energy, 
are almost too small to show. 

In the computation it was found convenient to 
make extensive use of the first term of Debye’s 
asymptotic expansion$ for the Neumann function. 

5 See G. N. Watson, Theory of Bessel Function (Cam- 
bridge University Press, 1922), or Courant Hilbert, 


Methoden der Mathematische Physik, second edition (Julius 
Springer, Berlin, 1931), p. 456. 
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Fic. 1. Distribution of field in dielectric sphere operating 
in the tenth mode of oscillation with no radia! nodes insic 
the sphere. Along any radius the vector potential has a 
constant direction and varies in magnitude as shown jn 
the graph. 


It should be remarked that in practice such 
high Q values would not be found, because di- 
electric losses would cause further damping of 
the oscillations. It is found experimentally that 
for a given maximum field strength the dielectric 
loss per cycle per unit volume is more or less 
independent of the frequency. For fused quartz, 
one of the best dielectrics now known for high 
frequencies, this amounts to about one-thou- 
sandth of the energy stored per unit volume, so 
that on this account alone one would be re- 
stricted to Q values lower than can be obtained 
with hohlraum-type resonators. Therefore di- 
electric resonators using materials now known 
are not likely to be.of much practical importance, 
although at much higher frequencies than are 
now in use they might be comparable with the 
hohlraum-type, whose Q is, for given material and 
shape, inversely proportional to the square root 
of the frequency.® 

The largeness of the Q values given above can 
be at once understood by transition from wave 
“optics” to geometrical optics. When the waves 
are confined to a thin outer layer of the sphere, 
as indicated in Fig. 1, the rays which they 
represent must strike the surface of the sphere 
from the inside always at a small grazing angle, 
and therefore suffer total internal reflection. The 
fact that the energy nevertheless always leaks 
out to a certain extent is essentially a phe- 
nomenon of wave optics and cannot be explained 
by ray optics. But if the radius of curvature o! 
the surface is everywhere large compared to the 
wave-length, the conditions of geometrical optics 
will very nearly hold and a large Q is the result. 


® See W. W. Hansen, J. App. Phys. 9, 654 (1938). 
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5. CIRCULAR RING RESONATOR 


In this section are discussed some modes of a 
resonator in the form of a circular ring of small 
cross section (Fig. 2). This case cannot be 
treated exactly, as can the sphere, but it merits 
consideration for the following reasons: it is the 
case originally envisaged by Hansen; it is a case 
in which one of the principal radii of curvature 
of the surface is not small compared to the wave- 
length; it has fewer resonant modes in the 
frequency range we consider, so that in use it 
would be easier to tell in what mode it is actually 
operating; and leads to conclusions on the effect 
of bending a wave guide. 

\Ve first find approximate expressions for the 
field within the material of the ring itself and 
nearby outside. We take this field to represent 
the simplest kind of guided wave going around 
the ring. Since exact expressions for such a field 
are not known, we use those functions of the 
coordinates p’, ’, 2’ (see Fig. 2), which would 
correctly represent the field if the guide were 
straight, so that p’, ¢’, 2’ were actually cylindrical 
coordinates : 


Inside: cos cos 6(d/dp) 
X Jo(r/eRp’ sin 6) 
+k./ek sin? 0Jo(4/ekp’ sin 0) |Ao 
Outside: E=e'**’ cosh *[k,-i cosh a(d/dp) (5) 
X (ikp’ sinh a) 
—k,k sinh? (ikp’ sinh a) 
The bold-faced k's are unit vectors in the direc- 
tions indicated. For simplicity in printing, the 
‘op line has been omitted from the square-root 
‘ign, but in all cases appearing here this sign 
is to be considered as applying to the ¢ only. The 


houndary conditions require that the parameters 
4, a, be connected by the relation 


cos 6=cosh a, (6) 
that the constants Ao, Co be connected by 
\ 0Jo(4/eka sin 0)Ag 
= —sinh? alo (ika sinh a)Cy (7) 
and las'ly that @, a, and the frequency be con- 
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nected by the further relation 
VeJi(4/eka sin 6) —1iH,(ika sinh a) 


= . (8) 
sin 6Jo(./eka sin sinh (tka sinh a) 


In order that this be a good approximation we 
must assume that (see Fig. 2) 


ax<b. (9) 


We must also assume that a is not too small, to 
insure that the field does not extend to distances 
comparable with b. The condition is 


kb sinh a> 1. (10) 


To get the field at larger distances we now 
assume that these formulas give correctly the 
components of £ and their normal derivatives on 
the surface of the cylinder p= R shown dotted in 
Fig. 2. For the space outside this cylinder we 


lz 


| 

~ a 
~ 


Fic. 2. Dielectric ring resonator, and various quantities 
used in the analysis: true cylindrical coordinates p, 2, o; 
pseudo-cylindrical coordinates p’, 2’, ¢’; and dimensions. 


find an exact solution of the vector wave equation 
which fits these boundary values on the cylinder. 
This can be done by expanding in the true 
cylindrical coordinates p, ¢, z, and making use of 
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known Fourier transformations. Support is given 
to our belief that (5) is an approximate solution 
of the wave equation by the fact that under 
assumptions (9) and (10) the field outside is very 
nearly independent of the particular value of R 
chosen so long as R is only slightly greater than 
b, or more specifically so long as g, the difference 
of R and 6, is comparable with a; and also by 
the fact that the resulting field outside the 
cylinder is very nearly divergence-free. We would 
like to use this field for the calculation of the 
radiated power. However we find that if we fit 
the boundary values exactly, although the field 
decreases rapidly with increasing p until quite 
large distances are reached, the field eventually 
starts getting large again, in fact so as to give an 
infinite amount of radiated power. This is where 
application of the definition of Section 3 comes in. 
This “radiated” power is of course not really 
radiated from the ring at all, but is due merely 
to waves coming in from infinity, missing the 
ring almost entirely, and going off to infinity 
again, and by .a very slight change of the 
boundary conditions we could greatly reduce 
this part of the field which becomes large again 
at large distances, thus minimizing the radiated 
power or maximizing Q. The alteration of the 
field which this would require is very small near 
the ring, so that although (5) is not quite the field 
corresponding to a maximum of Q, it can be used 
for computing the wave-lengths and energy stored. 

The actual minimizing of the radiated power 
for this case would involve practically insuper- 
able mathematical difficulties, because the wave 
equation cannot be separated in any coordinate 
system in which the surface of the ring is a 
coordinate surface. Therefore we are forced to 
be satisfied with a qualitative estimate of Q, to 
which we will return later. The problem of deter- 
mining these resonant modes exactly is somewhat 
analogous to that of calculating the current 
distribution in a radio antenna operating on a 
high harmonic. The analogy appears if one thinks 
in terms of the electromagnetic field surrounding 
the antenna, considered a perfect conductor, and 
again assumes for the sake of mathematical 
simplicity that the energy required to maintain 
the oscillations is furnished in the form of in- 
coming waves. Here again the general solution 
of Maxwell’s equations will contain an infinite 
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number of parameters; and the actual field wl] 
be one for which Q, qua function of the param. 
eters, is near a maximum; in a real antenna the 
current will automatically adjust itself so that 
this is the case. The “energy stored” is again 
somewhat indefinite but can be approximately 
defined in the limiting case of an antenna 
operating on a high harmonic, in which case the 
radiation field and the quasi-static field are 
clearly separated. In this limiting case, also, the 
radiated power, as calculated directly from the 
current, depends in a very sensitive way on 
the details of the assumed current distribution. 
To obtain the wave-lengths we observe that 
when the field (5) is expressed in terms of the 
true cylindrical coordinates p, ¢, 2, the quantity 
kb cosh a’ must be an integer so that the func- 
tions will return to their initial values when the 
angle ¢ is increased by 27. This is the same as 
Hansen’s condition that the field must be in the 
same phase at the two ends which are joined 
together to make the ring and is the circumstance 
which determines the resonant frequencies. We 
call 
kb cosh a’ =m. (11 


By use of Eqs. (6) and (8) we then get, for 
example, for «=5, b/a=10, 


m=13, kbsinh a’= 2.2, r/a=4.90, 
m=15, kbsinha’= 4.8, d/a=4.43, 
m=20, kbsinh a’=10.6, A/a=3.71, 
m=30, kbsinh a’=21.5, d/a=3.03. 


\ is as before the vacuum wave-length; m=13 
gives the lowest mode of oscillation. 

To obtain a qualitative estimate of Q we first 
solve the corresponding two-dimensional prob- 
lem, obtaining a formula for Q, and then show 
that the qualitative predictions of this formula 
hold for the three-dimensional case as well. 

The two-dimensional problem is defined 4 
follows: (see Fig. 3). The part of the plane 
between the concentric circles of radii b—a and 
b+a contains the dielectric material. One seeks 
solutions E of the two-dimensional scalar wave 
equation subject to the condition that E and 
its two-dimensional curl be continuous at the 
boundary lines (circles). This is equivalent to the 
three-dimensional problem of finding certait 
electromagnetic waves in a thin cylindrical shel 
of infinite length parallel to the z axis. E is thet 
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same as from the three-dimensional one. It 
escapes because the ¢-nodes’ of the function get 
farther apart with increasing distance from the 
axis. The initial rapid decrease of the field just 
outside the dielectric can continue only until the 
distances between these nodal planes becomes 
about equal to the wave-length, and beyond that 
the field must oscillate. The transition point 
comes at very nearly the same distance for the 
two- and three-dimensional cases, for a given 
value of m, while the rate of decrease of the field 
up to the transition point will be nearly the same 
for the two cases, for a given value of a. There- 


nding value of appropriate to the three- 
the s component of the electric field for a solution 
dimensional case, formula (12) should give 
y independent of z. 
a ' re , roughly the correct variation of Q with m for 
The solution which interests us contains solu- 
this case. 
re tions of Bessel’s equation of some order m, 
For example, if «=5, 6/a=10 again, formula 
as multiplied by exp (im@). The Bessel function. 
| Mi " : (12) gives Q equal to about 140, 300, and 
ne will appear inside the inner circle, the Neumann 
od function outside the outer circle, and both 
ce between the circles. The argument for these . 
Ve functions will be kp outside the dielectric, and = 
\ ekp in the dielectric. It is convenient as before 
1 10 express Mm as The ring-resonator of Fig. 3 may be thought 
* m=kb cosh a, of as equivalent to the bent wave guide of Fig. 4, 


with the difference that m is no longer restricted 


and then if conditions (9) and (10) are satisfied, 3 7 a eae 
to integer values, since the ring is not complete. 


and we assume again the simplest type of guided 
Wave, it is quite easy to calculate approximately 
the energy stored and the power radiated, from 
which we get 


(= 4e2m(a-tanh a) 

| eka(e—1)+ cosh? @ sinh a 

x { (12) 
ob- sinh a(e—cosh? a) 


Perhaps the most striking thing about this result 


is the manner of variation with m. For a given 

Z resonator @ is a function of m, increasing from 

ane near zero for the lowest allowed value of m to 
ut cosh! \/e for m=. But this variation of @ is 
ca extremely slow, so that practically all the varia- 
/_ tion of Q is contained in the exponential factor. 

and Just as in the case of the sphere it is in principle 

ai possible to get indefinitely large Q, neglecting 

the dielectric losses, by suitable choice of the mode of Fic. 4. A special case of a bent wave guide derived from 
th oscillation the ring resonator. 
tell The ‘nanner in which the radiation escapes. . 7 We should really speak of wave-fronts in this case 
she : instead of nodes, since we have used running waves in the 
‘om two-dimensional ring is essentially the  ¢-direction, represented by exp (im@). 
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The remarks of this section are purely qualita- 
tive, and apply also to the three-dimensional 
case. We have already computed the power lost 
by escape of radiation, and it is a simple matter 
to compute the power transmitted by such a 
guide, from which we get: 


Power lost in distance \, along guide 


Power transmitted 
a tanh a(e—cosh? a) 


2 cosh al ka(e—1)+sinh a | 


\, is the wave-length, as measured along the 


guide. m may be thought of as expressing the 
degree of straightness of the guide; it is in fac 
equal to 27 times the radius of bending divided 
by A,. Eq. (13) is, of course, strictly speaking, 
valid only for a guide bent into the are of , 
circle, but no doubt some similar formula would 
hold for a guide bent into any other curve, so 
that we are led to the following conclusion: 
The attenuation of a dielectric wave guide which 
goes around a corner is always finite, but 
approaches zero (neglecting dielectric losses, etc, 
more or less exponentially as the radius of bend. 
ing is made large compared to the wave-length, 
and can therefore very easily be made negligible 


M. 


The successive approximation theory for the thick film 
lubrication of flooded journal bearings and bearings with 
circumferential grooves is developed through the fourth 
approximation, that is, including the fifth power of the 
journal eccentricity. The analysis applies to bearings of 
arbitrary length, the boundary conditions at the ends of 
the bearings being satisfied rigorously. It is found that the 
journal eccentricities and friction coefficients, for fixed 
Sommerfeld variable, are greater for bearings of finite 
length than for that of infinite length, the difference in- 
creasing with decreasing bearing length. On the other hand 
the load-carrying capacities, for fixed eccentricity, of the 
bearings of finite length are much less than that for the 


INTRODUCTION 


. THE previous papers'~ of this series results 
were presented on both theoretical and exper- 
imental investigations of full journal bearings 
operating in the thick film region and subjected 
to forced pressure lubricant feeds. A general 


1 M. Muskat and F. Morgan, J. App. Phys. 9, 393 (1938). 

?F. Morgan and M. Muskat, J. App. Phys. 9, 539 (1938). 

3M. Muskat and F. Morgan, J. App. Phys. 10, 46 (1939). 

( *F. Morgan and M. Muskat, J. App. Phys. 10, 327 
1939). 
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infinitely long bearing. The general theory for the bearing 
with a central circumferential groove is also developed and 
it is shown that the only hydrodynamic effect of such a 
groove is to cut the bearing into two separate end fed 
bearings, each of half the original bearing length. The 
load-carrying and friction properties of these end fe 
bearings are identical with those of flooded bearings of th: 
same length. The main advantages of such grooving must 
lie in the maintenace of the lubricant viscosity by th 
cooling effect of the lubricant flow and in overcoming th 
negative pressures and possible film rupture that would 
develop in a flooded bearing without internal lubricant 
sources. 


theory was developed’? which is applicable 
arbitrary positions of the source of lubricant and 
valid for journal eccentricities less than or equi! 
‘to 3. Experiments with the journal bearing 
machine have verified the essential features 0! 
this theory, and confirmed the predictions qual 
titatively in the range of small values of the 
dimensionless lubricant source strength. 
While a theory which explicitly takes in! 
account the presence of the lubricant source hal 
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previously been lacking, several theoretical 
studies of journal bearing lubrication for flooded 
bearings of finite length have been published. 
Among these’ only Vogelpohl’s work, based on 
an application of the Ritz variation principle to 
the Reynolds equation, gives any numerical 
results, and even there the discussion was essen- 
tially limited to the pressure distributions in the 
film for a single bearing length. Moreover the 
Ritz method, in its actual application, is ex- 
clusively numerical, although it does provide the 
possibility of studying systems with high eccen- 
tricities. Reissner’s theory appears to be subject 
io question since his functions for the pressure 
distribution do not seem to reduce to the Som- 
merfeld form as the bearing lengths are made 
infinitely large, while Skinner’s series solutions 
involve expansion functions which have as yet 
heen tabulated neither with respect to analytical 
properties nor numerical values. 

The method to be presented here is essentially 
nothing more than a special application of the 
general theory previously developed* for finite 
length journal bearings fed with lubricant 
sources. However, because of the absence of 
lubricant sources it will be possible to make the 
solutions for the pressure distributions satisfy 
the boundary conditions at the ends of the 
bearing rigorously for all bearing lengths. More- 
over, the solutions will be developed through the 
fourth approximation, whereas for bearings fed 
with lubricant sources it was not feasible to 
extend them beyond the second approximation. 


GENERAL THEORY 


We may begin at once with the dimensionless*® 
form of the generalized Reynolds equation for 
the pressure distribution in the film, namely: 

(1+ cos 6)3 =. 
2 


+(1+7 cos —Bnsin 6, (1) 
Ow? 


Where the film thickness h has been expressed in 
terms of the radial clearance c and the journal 


1936 
386; S. 


ssner, Zeits. angew. Math. u. Mech. 16, 275 
Vogelpohl, V. D. I. Forschungsheft (1937), 
»: 5. \' Skinner, J. App. Phys. 9, 409 (1938). 
lt is. :pposed that both p and £ are divided by a unit 


pressure 
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W 


Fic. 1. Cross section of a full journal bearing system. 


displacement e by the equation: 
h=c+ecos 6, (cf. Fig. 1), (2) 


and the dimensionless quantities n, w, and 8 are 


defined by: 


n=e/c; w=2/r; B=6pUr/c, (3) 


where z is the axial coordinate, r the journal 
radius, » the lubricant viscosity,? and U the 
surface velocity of the journal. 7 thus represents 
the journal eccentricity. It will be supposed that 
the load is applied to the journal. 

To solve Eq. (1) we introduce as before a 
successive approximation procedure in which all 
the physical quantities of interest are expanded 
in powers of the eccentricity 7. That is, we 
assume that the pressure distribution (6, w) 
can be expanded in the form: 


p(8, w) = din" w). (4) 


This is inserted in Eq. (1), and after the expan- 
sion of the various terms the coefficients of like 
powers of » are equated. We thus find a series of 
Poisson equations for p», given by: 


7 While the variation of the viscosity with the film tem- 
perature would be quite difficult to take into account 
under general conditions, the effect of the pressure can be 
taken care of by simply making the change of variable: 


w= f (dp/u) before constructing Eq. (1). Its form will 


then remain invariant in the variable Vv. (Cf. also S. 
Skinner, reference 5, and Bateman, Hydrodynamics (1932), 
p. 286.) 
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+ d*po, ‘dw? = —Bn sin ) In constructing the solutions of Eqs. (5) 


ap shall denote the dimensionless half-length, 
=" 


V2 Pn = cos OV2pm—1—sin 6—— ratio of length to the diameter, of the bearing 
06 by w. The general conditions to be imposed 

upon the pressure distributions ),,(@, w) are: 

(5) pr I ire: 


—3 cos COS O92 sin 6-—— (1) that p and dp/ 00 reproduce themselves as 4 


06 makes the circuit of 27 around the circumference 

ans of the bearing; (2) that p reduces to the value | 

— cos? o|cos 0V?bn—3— 3 sin @—— }. at the ends of the bearing;* and (3) that p shall 
00) | be even in w. The second requirement will be 


The term 87 sin 6 has been considered above satisfied by making pp» equal to 1 at the ends of 
as the zero-order term in spite of the coefficient 7. the bearing, and p,,=0 at the ends for m>0. 
This has been done in order to permit the While, as already mentioned, Eqs. (5) are also 
asymptotic behavior of the system, where » ap- applicable to bearings with internal lubricant 
proaches zero, to correspond to one where the load point sources, we shall apply them here only to 
is nonvanishing, since in the limit of very small cases where the bearing is flooded, or has a cir- 
values of », 8n becomes proportional to the load. cumferential groove. 


Application to flooded bearings of finite length 


Here we need simply to solve Eqs. (5) with no reference to a lubricant source. With this in mind 
we obtain for the 


cosh w 
Zeroth approximation po=14+ 87 sin ~), (6) 


cosh 


which clearly satisfies all the above mentioned requirements. 
First approximation.—Combining Eq. (6) with the second of Eqs. (5), we have for the Poisson 
equation giving ~;: 


cosh w 7 
= sin 20(1-- (i 
2 cosh w 


Its solution satisfying the required boundary conditions is: 


Bn 3 coshw cosh 2w 
pi=-— sin q 
2 2 w 2cosh 2 w| 


Second approximation.—Inserting the equations for po and p; into the second of Eqs. (5), it's 
readily found that p2 must satisfy the equation: 
| 0 


cosh w cosh 2w 1 cosh w cosh 2w 
sin 30| ---+—— | sin 
2coshw 6 cask 20 2 


cok cosh 20 


Its solution may be shown to be: 


—4§——_ 


Bn sin 36 cosh w 24cosh2w 11cosh 
160 cosh cosh 20 cosh 


—— sin 0 (10 


Bn wsinhw 3wWtanhwcoshw cosh 2w coshw 


2 coshw 2 cosh cosh 20 cosh 


’ This requirement involves dropping terms of the order of A?/r* in the rigorous boundary condition which refers t 
the normal stress in the film at the ends of the bearing. 
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Third approximation.—Proceeding as before, we find for the third approximation the equation 


for Ps: 
57 153 cosh w 3(1—7 cos 26) cosh 2w 
sin 24 1 +10 cos 204(~ cos 20) 


cosh 10 cosh 20 


99(2 cos 20—1) cosh 3w 9wsinhw tanh w cosh (1) 


+ 
320 cosh 3% 16 cosh w 16 cosh 
with the solution: 


Bn sin 2 5 cosh w /11 51 3wsinhw 3wsinh 2w 
cos 20— tanh #—— cos 26 }+ 
4 2 4 cosh w 10 


p3= 


4cosh 10 cosh 20 
7 cos 26 cosh 2w 99(2¢4 cos 20+ 1¢) cosh 3w 


10 cosh 2w 80 cosh 30 


5 


Sets cosh 2w 6 cos 26 cosh 4w 
tanh 20) +— (12) 
5 2 cosh 2H 35 cosh 40 


Fourth approximation.—Combining the previous solutions as indicated in Eqs. (5), we obtain as 
the equation determining ps: 


75 45 3 3 cosh w 459 
—— sin sin 30—-— sin 64+-——_—_ sin tanh ») sin 36 
3n 16 16 8 16 cosh Wl 40 20 2 
371 3 cosh 2w [7 Ce 
+ tanh °) sin —- - sin tanh 20) sin 36 
2\4 10 cosh 20L2 10 4 
41 3 99 cosh 3w 9 11 
10 4 320 cosh 30L14 35 10 
9 cosh 4w 9 wsinh w 9w sinh 2w 
——(sin 56—sin 30) +— ———-—(3 sin 30—sin 0) +———---—(sin 3@—sin @). (13) 
70 cosh 40 32 cosh wo 40 cosh 20 


The solution of this equation is: 


py 1 459 coshw 1 cosh2w 19X99 cosh 3w 1 cosh4w 15 cosh 
sin 56 
3n 2 


| - 


8 2560 w 10cosh 56 X640 cosh 3a 35 cosh 40 1024 cosh 50 


5 3 109 coshw 27 w sinh w w 
+sin -+——{ ——+9w tanh 
16 256\ 20 cosh 256 cosh 
3/37 3 cosh 2w 9 wsinh 2w 
-— tanh 20) 
100X\5 2 cosh 20 200 cosh 
| 852,991 cosh 3w 297 wsinh3w 9 cosh 4w 
 ————_— 297) tanh 30) 
160 280 cosh 30 160 cosh 490 cosh 4H 


4 


+ —+w tanh 
2 256coshw 16\4 


9 coshw 1/31 3 cosh 2w 3 wsinh 2w 11X99 cosh 3w 
3 coshw 5\5 2 


sin Fe 23 coshw 9 73 ) wsinhw w tanh wW cosh “) 


cosh cosh 


cosh 20 10 cosh2w0 6400 cosh 30) 


(14) 
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In a similar manner one could obtain the 
higher approximation solutions. However, be- 
cause of their increasing complexity and the 
rather slow convergence of the series for high 
values of » we shall go no further here than the 
fourth. With this degree of approximation the 
solution should be reasonably accurate up to 
values of »=0.6, since actual calculations show 
that the higher order terms do not contribute 
greatly to the resultant values of pressure dis- 
tribution and load components as long as n does 
not exceed 0.6. 

To obtain the load that can be supported by 
the pressure distribution corresponding to 


(15) 


one need simply integrate its components parallel 
and perpendicular to the polar axis. Since: 


| p cos 6d0=0, (16) 
0 


it follows that the resultant load supported by 
the film will be normal to the line of centers. 
This means, in turn, that the line of centers will 
always be horizontal, as the actual load on the 
journal, which the film must support, will be 
vertical. Hence, setting the integrated com- 
ponent of the pressure normal to the line of 
centers equal to the total load, and introducing 
the notation: 


g,=2(w—tanh 


g2= sech? #+tanh tanh W}, 


9 
w tanh sech? 
32 


3 21 1 
sech? w —— sech? 2) ~(17) 
4 10 


275 109 
—— tanh ——— tanh 20 
512 


363 
———— tanh 30, 
12,800 


we have: 
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Fic. 2. The variation of the journal eccentricity, », with 
the Sommerfeld variable, S, for flooded journal bearings 
of finite length. ®=(bearing length)/(bearing diameter 
S=(r/e)(uN/P), where r=journal radius, c¢=radia 
clearance ; « = lubricant viscosity ; N = journal speed (r.p.s 
and P =ioad per unit projected bearing area. 


W= dw p sin 
0 


= (18 


where r’W is the actual load. Introducing also 
the Sommerfeld variable defined by 


S=(rF/2)(uN/P), 


where P is the load per unit projected bearing 
area, so that B=3rSW/w, Eq. (18) may be 
solved for 8 or S, and expressed in the form 

/3x?n) 


(19 
21+ gon? +23n' 


thus giving the relation between journal eccen- 
tricity » and the Sommerfeld variable S. 
This relation has been plotted in Fig. 2 for 
various values of w, and for values of 7 up to 0.6 
The dotted curve in Fig. 2 is the variation pre: 
dicted by the Sommerfeld theory, namely: 


(20 
122° 


and gives the same expansion as Eq. (19), whet 
w is made indefinitely large, up to terms in 1. 
It will be seen that the eccentricity assumet 
by the journal for a given value of S uniform) 
increases as the dimensionless half bearing 
length w decreases. This is, of course, due to the 
fact that the dropping off of the pressure " 
atmospheric at the ends of the bearing leads " 
smaller average pressures in the bearings of shot 
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length, which in turn necessitate greater eccen- 
rricities and wedging effects to permit the support 
of loads of the same magnitude. This effect may 
he seen more clearly by computing the relative 
load carrying capacities of the finite length 
bearings as compared to that for the infinitely 
long bearing having the same journal eccentricity. 
Assuming equal values of r/c, u, and N, the load 


F carrying capacity will clearly be proportional to 


the reciprocal of the Sommerfeld variable. The 
relative load carrying capacities will therefore 
be given simply by So/S, where So and S are 
viven by Eqs. (20) and (19), respectively, or by 
ihe abscissas of the dotted and solid curves of 
Fig. 2. Such comparisons are shown graphically 
in Fig. 3 for different values of w. 

As Fig. 3 shows, the relative load carrying 
capacities for fixed eccentricities of the finite 
length flooded bearings are uniformly less than 
one. Moreover, the load-carrying capacity 
decreases continuously with decreasing bearing 
length. Thus, for a bearing length equal to the 
diameter (W=1), the 


bearing load-carrying 


0.5} 
So 
0.4) 
0.3 
0.2 
0.1 
0 
. Fic. 3 Xelative load carrying capacities of flooded 
urna rings of finite length. So/S=(load carrying 
ad finite length bearing)/(capacity of infinitely 
of same eccentricity, 9); = (bearing length) / 
1g 


meter). 
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capacity for the same eccentricity will be of the 
order of 25-30 percent of that of the infinitely 
long bearing, and for a bearing length equal to 
one-half the diameter, the load-carrying capac- 
ities will fall to less than 10 percent of the 
infinitely long bearing values. These results may 
be contrasted with the values 3 and 2/—for all n 
—obtained on the common assumptions that the 
axial pressure distributions fall in parabolic or 
trigonometric manner, respectively, from the 
Sommerfeld distribution along the central cir- 
cumference. 

These results do not, of course, necessarily 
imply corresponding differences in ultimate load- 
carrying capacities of the finite length journal 
bearings. Rather they give only the relative 
values of the load-carrying capacity of the finite 
length bearings as compared to those for the 
infinitely long bearing for the same value of 7, 
that is, the same geometry. All that would be 
necessary to obtain in a finite length bearing any 
predetermined load-carrying capacity  corre- 
sponding to an infinitely long bearing with fixed 
eccentricity would be to increase the eccentricity 
of the former. In principle, it will be possible to 
obtain arbitrarily large load-carrying capacities 
with the finite length bearing to the same extent 
that such would be possible with bearings of 
infinite length, although, from a practical point 
of view, the higher eccentricities that would be 
required in the case of a finite length bearing 
might lead to seizing or scoring of the bearing 
somewhat earlier than under the hypothetical 
case of the infinitely long bearing. 

To determine the friction properties of the 
journal bearing systems, one must introduce the 
hydrodynamic expressions for the surface trac- 
tions acting on the journal bearing surfaces. 
The absolute magnitude of these are given by: 


(21) 


where the + refers to the traction on the journal 
and the — to that on the bearing. Integrating 
formally the right-hand side over the complete 
journal or bearing surfaces, dividing the result 
by the load, and making use of the previously 
introduced notation, we find for the coefficient 
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approach 0. The reason for the higher friction of th 
coefficients for the finite length bearings obviously respo 
lies in the higher eccentricities previously foun feed | 
(Fig. 2) for fixed values of S. The fact that the lhe 
curves do not continue to vanishing values of § equiv 
arises from the limitation of the approximatioy end fe 
method developed here to rather small values oj Wh 
n. In fact, the last points on the curves cor. bearl 
respond to »=0.6, and smaller values of S would types 
require eccentricities that are still higher, and equat 
which cannot be quantitatively treated when one Laine 
includes only fourth-order terms. bearit 

To obtain the friction coefficients on the sentir 
bearing, one need only subtract from the values end fe 
for the journal plotted in Fig. 4 the mag. §igdimer 
nitudes of » corresponding to the abscissas § ind s 
These, in turn, may be read off the curves of of the 
Fig. 2. Although the friction coefficients on the i dim 
bearing thus found will not vary so great) of 
among themselves nor differ so much from that presst 
for the infinitely long bearing, as in the case of mme 
the friction coefficients on the journal, the devi. iq. | 
ations will still be of appreciable magnitude end-fe 
especially for the bearings of short length. 


+ 


002 004 006 O06 O12 O14 020 022 
° BEARINGS WITH CIRCUMFERENTIAL GROOVES 

Fic. 4. Friction coefficients on the journal, fj, vs. S for From a practical point of view, flooded bear. 
flooded bearings of finite length; ®=(bearing length)/  . of 
(bearing diameter); dotted curve represents Sommerfeld !9gS Without any internal sources of lubricants 
curve for infinitely long bearing. are not of as great interest as those supplied wit! 
lubricant sources. We shall therefore consider 

of friction, f: now the case where the lubricant is supplied 
tS of through a circumferential groove extended ove 


where 
refers 
length 
is det 
Axial 


ich 


(22) the whole bearing perimeter. As a_ physica 
2 definition, we shall suppose a groove to be 
, , channel cut into the bearing surface with dimer nari 
Having already determined the relation be- . , nai 
sions which are large compared with the beann 
tween 7 and S (Fig. 2), it is a simple matter to clearance. The inflow nreasere of tae By. (2 
compute the friction coefficient as a function of «tribute! ubric; 
over the whole length of the groove, since the ressu 
calculations for the friction on the journal are Grow tn it One 
shown in Fig. 4, the dotted curve again referring erime 
3} ., that within the lubricating film. 
to the case of the infinitely long bearing. It will 
On the basis of this picture, putting a circum 
Se be seen that in general the friction coefficients for A ‘valent nifors 
the finite length bearings are higher than those Serention greave inte 
for the infinitely long bearing, the differences the bearing and bXially 
as. each part with a uniform lubricant pressure ao 
Asymptotically, however, they all approach the pressure 
Dacia Man the interior of the two parts will then becom 
etro ne m: 
(23) independent of each other, and each will beha' re mi 
as an independent bearing of length determin iy petal 
as follows directly from Eq. (22) on letting » by the total length of the bearing and the posit nce p 
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™ of the groove. Each part, however, will cor- 
aly respond to a bearing with a lateral end feed, the 
und jeed pressure being that maintained at the groove. 
the fhe complete bearing will therefore become 
of § equivalent to a combination of two adjacent 
tion end fed bearings with the same pressure feed. 

5 of \While the pressure distribution in such end-fed 
cor. bearings might offhand appear to require new 
ould types of solutions of the fundamental differential 
and equation (1), it turns out that they may be ob- 
one iained from those already derived for the flooded 

earings by the simple addition of terms repre- 
the wating only the axial lubricant flow due to the 
alues end feed. Thus if we again denote the over-all 
mag- dimensionless bearing length by 2 (cf. Fig. 5) 
as § ind suppose the groove to be set at the center 
es of of the bearing, the two end-fed bearings will have 
n the dimensionless total length of w, or half-length 
eatl of @ 2. Denoting then by the subscript f the 
tha Mfpressure distribution for a flooded bearing, it 
ase of mmediately follows from the linearity of the 
devi- iq. (1) that the pressure distribution in each 
‘tude eid-fed bearing will be given by: 
w (w — 2w) 
2 

bear 
‘cants Che parameter W/2 in indicates that p,; 
4 will relers to a flooded bearing of dimensionless half- 
nsider 2, and B have their usual significance 
pplied is defined in Kqs. (3), w is the dimensionless 
4 ove Ee’! coordinate measured from the center of 
-= ch end fed bearing with the positive axis 
hea lirected toward the ends of the composite 


caring, and where p, represents the pressure 


naintained at the groove. It will be seen from 


dimen: 


yearing 
sricant Ne! (24) that whereas the feed pressure due to a 
buted ubricant point source adds to the resultant film 


ressure distribution pressures which decrease 
sone recedes from the point source along the 
erimeter of the bearing, the pressure imposed 
a complete circumferential groove adds on 


ice the 


red 


circum 

Jent 1 niformly over the whole circumference of the 
oviding earing ind diminishes linearly as one recedes 
-e along tally from the position of the groove. 

tions i! To obtain the friction properties of a bearing 
becom fe) a pressure distribution given by Eq. (24) 
behavt te may proceed formally without specifying ia 


metal th, 


ince Dy: 


ormined 
positicl 


exact form of the function p,;. Thus 
ves no resultant component parallel to 
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the line of centers (cf. Eq. (16)), neither will the 
pressure distributions in the bearings with cir- 
cumferential grooves. Hence denoting the total 
load applied to a journal in a bearing with a cir- 
cumferential groove by PW, and that for a 


flooded bearing by W,, we have: 


/2 Qn 
W= 2f dw] psin 6d0 


0 
=2f wf 8,10) sin 
W/2 
w 
a), (25) 


where again the parameter #/2 in W, indicates 
that the flooded bearing values for the load will 
be those corresponding to dimensionless half 
lengths of w/2. 

Recalling now (cf. Eq. (18)) that Wy is 
directly proportional to 8 or S, we obtain as a 
formal analog of Eq. (19) for the flooded bearing: 


where the functional forms of W or of n(S, 0/2) 
are those determined by the theory for the 
flooded bearing. And finally the friction coef- 
ficients for the bearing with the circumferential 
groove will be given by: 


r n (Ww 

f= s), 

where again the functional form of f(w,/2, S) will 


be exactly that corresponding to a _ flooded 
bearing. 


Ow 


(26) 


(27) 


Fic. 5. Diagrammatic representation of a bearing with a 
circumferential groove with a feed pressure py. 
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We thus see that both the eccentricity and 
friction coefficients of the bearing with the cir- 
cumferential groove will depend upon S in 
exactly the same way as do those for a flooded 
bearing, except that the effective bearing length 
must be taken to be half of that of the whole 
bearing. In other words, the whole behavior of 
the composite bearing with the circumferential 
groove becomes identical with that of its two 
halves, each acting as a flooded bearing with its 
own true length. While the pressure maintained 
at the groove does induce a uniform linear axial 
lubricant flow toward the two ends of the com- 
posite bearing, the behavior of the parts of the 
bearing separated by the groove is not affected 
by this axial lubricant flow nor by the magnitude 
of the feed pressure. The feed pressure will add 
on uniformly over the perimeter of the bearing 
and will serve to minimize or completely over- 
come the tendency for the development of 
negative pressures within the two parts of the 
composite bearing. In addition the actual lubri- 
cant flow through the bearing will be proportional 
to the groove feed pressure p,. In fact it can 
easily be shown that the rate of flow, Q, will be 
given by: 

Q= p,/3uL, (28) 
where L is the true over-all length of the bearing. 
But the resultant effects on the load carrying 
and friction properties of the two parts will be 
nil, except insofar as one introduces the question 
of the maintenance of complete lubricant films 
by means of the pressure feed as contrasted with 
possible film breakdowns due to _ negative 
pressures in the ordinary flooded bearing, as will 
be seen below. 

From the above general treatment of the 
bearing with circumferential grooves, we see that 
the detailed properties such as the variation of 
the journal eccentricity with S or of the friction 
coefficient with S will be given by exactly the 
same numerical results already derived for the 
flooded bearings, provided only that we consider 
the dimensionless length of the flooded bearing 
to be half of the true dimensionless length of the 
composite bearing. That is, a circumferential 
groove in a bearing cuts the effective bearing 
length in half® with respect to its load carrying 


* If the width of the groove is not negligible compared 
to the total bearing length, the effective lengths of the 
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power and friction properties. As will be see, 
from Figs. 2, 3, and 4, the magnitude of this 
effect is much larger than that which could by 
attributed to merely cutting the length of th 
composite bearing by the width of the groove 
especially if the bearings are initially of relative 
short length. Thus in the case of a bearing 1 inch 
in diameter and 1 inch long having a circum. 
ferential groove j-inch in width, the mer 
decrease in actual bearing length due to the 
presence of the groove would increase the journal 
eccentricity corresponding to S=1 from 0.072 4 
9.0875, whereas the effective splitting of the 
bearing into two parts, each of ;‘-inch length, 
would be to increase the eccentricity to 0.26 
Similarly for an eccentricity of 4, the relative 
load carrying capacity of the bearing with the 
groove would be cut from 0.29 to 0.237 if the 
total effect were simply that of decreasing the 
length by the width of the groove, whereas the 
actual effects as indicated above would be 1 
cut the relative load carrying capacity to 0.081 

While it appears from these considerations 
that a circumferential groove would impair the 
lubricating effectiveness of a journal bearing 
from a strictly hydrodynamic point of view 
there are two considerations pertinent to the 
practical use of journal bearings which may offse 
the hydrodynamic disadvantage of the circun- 
ferential groove. The first is that the rate o 
lubricant flow through the bearing would ob 
viously be greater in a bearing fitted with: 
circumferential groove than in a flooded bearing 
When the bearings are operated so that the tem: 
perature rise of the lubricant tends to become 
appreciable, the cooling effect of the lubricam! 
flow and maintenance of the high viscosity of the 
lubricant may become a significant factor it 
maintaining the load supporting. capacity of the 
lubricating film. This effect may be especial 
important when the bearing is operated unde 
thin film conditions, where the fall in lubricat! 
viscosity due to the temperature rise would tes 
to aggravate the tendency for metallic conta 
to develop and ultimately cause seizing or scoritt 
of the bearings."® 


parts separated by the groove should each be diminisi 
by half the groove width. 

10 We are indebted to Mr. R. J. S. Pigott of this Labo 
tory for pointing out this advantageous feature o! ™ 
bearing with the circumferential groove. 
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An even more valuable feature of the circum- 
ferential groove may result from the possibility 


= of overcoming the negative pressures in the 


lubricant film by means of the added feed 
pressure applied at the groove. Thus if it be 
admitted that the lubricant film cannot stand 
negative pressures, it would follow that it would 
be impossible to maintain a complete lubricating 
film in an ordinary flooded bearing except at very 
low loads. In actual operation, therefore, air 
would be sucked into the journal bearing clear- 
ance and the bearing would operate with only a 
partial film. Now in the theoretical hydrodynamic 
film the pressures over half the bearing surface 
are just as much below atmospheric as those in 
the other half are above atmospheric. Moreover 
the film in the half of the bearing where the 
pressures are below atmospheric supports just 
as much load as that where the pressures exceed 
atmospheric. It is thus clear that if the film over 
the pressure deficient half be broken the load 
supporting power of the film will be cut in half, 


® so that a flooded bearing subjected to appreciable 


loads would tend to have actual load carrying 
powers only half of those theoretically predicted. 
However, since the feed pressures in the circum- 
ferential groove are uniformly distributed over 
the whole periphery of the bearing, these feed 
pressures will tend to overcome the negative 
pressures that would theoretically obtain in the 
looded bearing. If the feed pressures are suf- 
iciently high, the breaking of the film will be 
prevented, and consequently it will be able to 
support the full value of the load as predicted 
by the hydrodynamic theory. The final practical 
result might, therefore, well be that the bearing 
with the circumferential groove will actually 
support more load for a given eccentricity than 
would the flooded bearing, in spite of the fact 


Bhat theoretically the effective length of the 


lormer will be only half of that of the bearing 


Without the groove. 


While the theory developed in this section has 
referred explicitly to bearings with circumfer- 
ential srooves placed midway between the ends 
of the | earing, it will also clearly apply to flooded 
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bearings with forced feeds at the ends of the 
bearing. In fact, Eq. (24) definitely refers just 
to such types of bearing, two of which constitute, 
from a hydrodynamic point of view, the bearing 
with the central circumferential groove. Likewise 
the same analysis will apply to bearings having 
two or more circumferential grooves placed sym- 
metrically with respect to the center even though 
the feed pressure in the various grooves may not 
be the same. On the other hand, if there be one 
or more circumferential grooves in a_ bearing 
placed unsymmetrically with respect to the 
central circumference, it will in general be im- 
possible to operate the journal and bearing and 
still maintain parallelism between their axes. 
For, in addition to the actual loads supported by 
each part of the bearing bounded by the circum- 
ferential grooves or the ends, there will be 
force moments associated with these loads. In 
order to maintain the axes of the journal and 
bearing parallel it is obviously necessary that the 
moments of the various parts of the bearing 
about the bearing center be balanced. This will 
clearly obtain in the case of the single central 
circumferential groove or when two or more such 
grooves are placed symmetrically with respect 
to the central circumference. But. when the 
groove is not symmetrical, neither the moments 
nor the loads for the two parts will be equal 
unless the system be operated at a fixed value of 
the Sommerfeld variable and of the eccentricity. 
If the conditions of operation deviate from these, 
the moments from the several parts of the bearing 
will become unbalanced and the bearing will tilt 
with respect to the journal and the axes of the 
journal and bearing will no longer be parallel. 
While such a condition of lubrication does not 
necessarily mean immediate failure, it is certainly 
not the type that would be conducive to stability 
and satisfactory performance. 

The authors are indebted to Mr. M. W. Meres 
for making the calculations and preparing the 
drawings given in this paper, and to Dr. Paul D. 
Foote, Executive Vice President, Gulf Research 
& Development Company, for permission to 
publish this paper. 
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Phosphorescence of Zinc Silicate Phosphors 


Gorton R. Fonpa 
General Electric Company, Schenectady, New York 


(Received January 9, 1939) 


At low contents of the manganese activator, the decay 
of phosphorescence takes place in two stages. The initial 
stage is exponential. It is complete in less than 0.1 second 
and is not affected by temperature. The second stage is 
at a much lower intensity level. It becomes noticeable 
after 0.03 second and persists for more than an hour. Its 
speed of decay increases with temperature. At — 196°C it is 
completely latent. A change in the intensity of the exciting 
light alters proportionally the luminescence caused by each 
stage of decay and has no effect upon the shape of the decay 
curves. 

About fifty times as many electrons are involved in the 
second stage of decay as in the first. It is assumed that 


HE light emitted by a phosphor during 

exposure to an exciting source of radiation 
is known as fluorescence. In many cases the 
fluorescent substance continues to emit light 
after the exciting radiation is extinguished. Such 
a delayed emission of light is known as phos- 
phorescence. It is accepted that the two are 
intimately related as manifestations of the same 
fundamental phenomenon ; namely, excitation of 
an activator atom which is present in the 
phosphor at a very low concentration. When the 
excited electron returns directly to its normal 
orbit, fluorescence is observed as the result of 
what Lenard! calls an instantaneous process. 
When, however, the return of the electron is for 
any reason delayed, thus giving rise to phos- 
phorescence, then, by way of distinction, Lenard 
terms the luminescence the result of a delay 
process. 

The appearance of phosphorescence in a phos- 
phor is proof that the delay process is con- 
tributing at least some of the luminescence, 
even during direct excitation. Wherever this is 
so, evidence of it will be seen also when the 
exciting radiation is first applied, for there will 
be a lag in the development of full luminescence. 
The delay process in fact is characterized by 
these two features—a slow rise to full lumines- 


1P,. Lenard, F. Schmidt and R. Tomaschek, ‘‘Handbuch 
der Experimental Physik,’ Vol. 23, Part I (1928), p. 61. 


408 


the second stage is caused by the retention of electrons in, 
metastable state, probably one associated with the preseno 
of lattice imperfections. The exponential decay of the firs 
stage would result from the recombination of manganes 
ions, relatively in excess, with those free electrons whic 
had not been captured in the potential cups of the met. 
stable state. 

The decay of phosphors rich in manganese is always yer 
abrupt and at a speed which rises rapidly with increase 
temperature. The course of decay can be represented by th 
expression p*=a+ht except at reduced temperatures 
where the two stages of decay characteristic of low mang 
nese content are observable. 


cence when excitation is first applied, and a slo 
decay of luminescence when the excitation is 
withdrawn. This is in contrast to what is ob- 
served when all of the luminescence arises fror 
the instantaneous process, for in that case th 
initial rise and final decay are limited to a 
instant only, of the order of 10~* sec., the tim 
involved in the jump of the excited electro: 
Observations on the rate of rise and rate 
decay furnish, then, a means of determining 
whether the luminescence from a phosphor arise 
from the instantaneous or delay process or fror 
a combination of both. In the last case suitabl 
measurements would even show the relativ 
magnitudes of the two processes. 
This is illustrated in the three cases repr 
sented by the curves of Fig. 1. The exciting 
radiation is applied at (a) and extinguishe 
at (c). When the instantaneous process only ® 
active, the luminescence rises at once to th 
ultimate value (af), and its decay at the point | 
is equally abrupt. When the luminescence § 
caused altogether by the delay process, an initié 
rise is observable and it begins at zero lumine 
cence. Similarly the final decay follows such 
law as to demonstrate that it is proceediti 
downward from the value which it had at fl 
luminescence. When both processes are preset! 
the luminescence will rise abruptly to a point ¢ 
and then continue at a finite rate to the 
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value (uf). The amount of light furnished by the 
‘jstantaneous process will consequently be given 
iy the ratio ae/af. When the excitation is 
extinguished at the point (c), there will be an 
abrupt decrease in luminescence, equal in extent 
io the initial abrupt rise, and thereafter a decay 
at a measurable rate. 


Sina 
seni An example of a simple case in the type of 
» firs alysis outlined above is furnished by zinc 
rp jlicate and it was therefore chosen as the 
Which . 
7” phosphor used in the experiments to be de- 
scribed. It is activated by manganese and is 
5 ver notable for its high efficiency of conversion of 
ase i short wave ultraviolet radiation into visible 
by radiation lying in the green.? Preliminary tests 
ature 
langa 
f 
a 
slow 
on | 
is ob- 
fron 
the 
to a 
> time b 
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ate ol 
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: ! 
"arises 
r fror c 
! 
uital 3 
plative 
le 
| 
rp. 
repre PERIOD OF EXCITATION | 
xciting is 
uished T.. 
: tic. |. Types of luminescence from phosphors. (a) 
only i ‘istantancous process only. (b) Delay process only. 
to the Combination of instantaneous and delay processes. 
ance i showed that its initial rate of decay is slower 
+ initia than that of zine sulfide. In later periods, how- 
mines ever, iis decay becomes more rapid than that of 
ne 
iach the persistence of whose phosphores- 
-eedin very considerable. Furthermore, the 
at fu phosphorescence of zine silicate was found to 
preset ‘ary Wh the composition of the phosphor and 
pint ( with th treatment given it, in such a way that 
the Vonda, J. Phys. Chem., awaiting publication. 
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the resulting decay curves furnish material for 
theoretical consideration of the factors involved 
in producing phosphorescence. 


MEASUREMENTS OF PHOSPHORESCENCE 


More definite information on zinc silicate was 
obtained by tests with a phosphoroscope which 
allowed variation in the time of excitation. As 
usual, it had two revolving disks mounted on the 
same shaft. There was a sector opening in each 
disk. On one side of the pair of disks was placed 
the exciting light, a low pressure mercury dis- 
charge operating at 2 amp. direct current in a 
quartz tube 1.8 cm in diameter. In addition to 
the mercury the tube contained 4 mm of argon 
to facilitate starting. For most of the tests, the 
lamp was placed 10 cm distant from the phos- 
phor. The phosphor, mounted on a glass plate, 
was held between the disks. In the normal 
position, the side of the glass coated with the 
phosphor was turned toward the lamp. On the 
other side of the disks and directly behind the 
phosphor, was placed a photovoltaic cell de- 
signed by Dr. C. W. Hewlett of this laboratory. 
The disks were free to be set at different angular 
displacements between their sector openings. 
Consequently, the phosphorescence could be 
measured at various periods in its decay, de- 
pending (a) upon the speed of revolution of the 
disks, and (b) upon the displacement of their 
openings. When the two openings coincided, 
then at each revolution the cell was exposed to 
the light emitted by the phosphor during its 
period of direct excitation, so that the measure- 
ment was a record of the fluorescence. During 
this setting the cell reading included also the 
visible light radiated by the lamp and trans- 
mitted by the phosphor, but this could be 
readily measured separately. Its magnitude was 
given by the cell reading obtained when the plate 
coated with the sample was reversed, so that the 
light from the lamp passed first through the glass 
before striking the phosphor. This led to complete 
absorption of the far ultraviolet throughout the 
range of excitation of the phosphor. Accordingly, 
the visible light from the lamp, after some 
absorption and scattering in the phosphor, was 
the only -radiation to reach the cell. The degree 
of this absorption and scattering was the same 
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in both the normal and reversed positions of the 
plate. 

What one reads with this type of phosphoro- 
scope is the change in intensity of luminescence 
during one complete revolution of the disks. In 
the disk between the phosphor and the cell there 
was an opening of 17°. Consequently the cell 
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Fic. 2. Effect of duration of excitation upon rate of 
initial decay of phosphorescence for Zn.SiO,-SiO,+0.4 
percent Mn. 


reading does not record the light intensity at an 
instant of time but rather the integrated value 
over a period that persists for 17/360 of a revolu- 
tion. Any effect taking place in a shorter period 
of time than this would not be recorded. 

The unique feature of the phosphoroscope lay 
in the use of several different angular openings 
in the disk placed between the phosphor and the 
lamp. This allowed corresponding variations in 
the time of excitation of the sample for constant 
speed of revolution of the disks. It made possible 
also a coordination of tests carried out at 
different speeds, and, in that way, made avail- 
able a still wider range in the duration of 
excitation. The importance of this lies in the 
ability which it gave (a) to determine the dura- 
tion of excitation necessary to attain a state of 
equilibrium between excitation of the phosphor 
and its emission of luminescence, and (b) to 
observe the characteristics of the emission before 
attainment of this equilibrium. 
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For the disk between the phosphor and the 
lamp, openings of 17°, 30°, 45°, 60°, and 99 
were available. At a speed of 200 r.p.m. the 
same absolute values of phosphorescence were 
obtained with 45° and 90° openings, correspond. 
ing to excitation periods of 0.0375 sec. and 
0.0750 sec. This demonstrated that equilibrium 
was attained after 0.0375 sec. In order to obtaiy 
shorter periods of excitation, faster speeds wer 
used, so chosen that a combination of opening 
and speed yielded a time of excitation that over. 
lapped with that of a combination at the ney 
lower speed. When the sector openings were 
both set opposite to one another, with their 
outermost edges coinciding, a measurement of 
fluorescence was made possible. This position, 
however, does not represent the time from which 
the decay of phosphorescence starts, for up toa 
displacement of 17° the openings in the two 
disks still overlap to a decreasing extent. A slight 
correction therefore was necessary. It was con- 
stant at any specific speed and varied with the 
speed of revolution. 

A set of curves for various periods of excitation 
is given in Fig. 2 for a zine silicate phosphor 
having the composition Zn2SiO,4:SiO2+0.4 per- 
cent Mn, prepared from a gel solution of zinc 
nitrate in colloidal silica. All of the curves can 
be plotted on semi-log paper as straight lines 
over a decay period of about 0.04 sec. Their 
exponential character shows that within this 
range they fulfill the conditions for a mono- 
molecular reaction as the basis of the phos 
phorescence emission, which can therefore be 
expressed as P=Py,e~*'. This signifies that 3 
certain number of electrons P» have been liber 
ated during the period of illumination and have 
been displaced into some abnormal state o 
states from which their return is retarded. The 
rate at which they return to their normal state 
determines the magnitude of the phosphore> 
cence P at any instant ¢. The curves of Fig. 2 
representing the decay rate of phosphorescent 
for various periods of excitation, are all paralle! 
This demonstrates that the decay rate 
constant regardless of the number of excited 
electrons formed. 

In the case of the three settings which allowe 
an excitation period of 0.0375 sec. or greater 
the decay curves intersected the Y axis at! 
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point corresponding to the fluorescence observed 
when the openings in the disks coincided. The 
delay process is therefore the only one involved 
in the emission of luminescence, and the instan- 
taneous process is absent, for otherwise, as shown 
by the curves of Fig. 1, the value for fluorescence 
yould have been above the point of intersection 
of the curve. 


Tur INDUCTION PERIOD OF LUMINESCENCE 


When a silicate phosphor is exposed to an 
exciting light, the full luminescence does not 
flash on immediately but is attained only after a 
perceptible lapse of time. The rise is, in fact, so 
slow that it can be observed visually. If the 
phosphor is first exposed to the exciting light for 
asecond or so, then, when a portion of its surface 
is skimmed off, the layer underneath is observed 
momentarily to be dark by contrast. It can be 
seen to become brighter until it attains the 
brightness of the rest. The existence of this 
induction period has already been denoted by 
the results of Fig. 2 which showed that fully 
saturated fluorescence was attained only after 
an excitation period of 0.0375 sec. 

It was possible to measure this effect with the 
phosphoroscope by using disks of the various 
angular openings available and measuring the 
luminescence when the openings in the two 
disks coincided so that the cell would record the 
luorescence emitted at the end of the excitation 
period. The curve of Fig. 3 illustrates the result 
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Fic. 3. Rise in luminescence during excitation of 
percent Mn. 


for zine silicate containing 0.4 percent manga- 
iese. | is suspected that the initial concave 
Poruo is caused by an irregularity in recording. 
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Fic. 4. Initial decay of phosphorescence of 
miscellaneous phosphors. 


The latter convex portion can be expressed by 
the equation E = Eye—*', where Ep is proportional 
to the total number of excited electrons formed 
under equilibrium conditions and E is propor- 
tional to the number that remain to be excited 
at any instant ¢. The value of E is equal to 
100—F, where F is the percentage which the 
luminescence bears at the instant ¢ to the lumi- 
nescence at equilibrium Fo. 

For periods of excitation below the equi- 
librium value, there is some evidence that the 
luminescence rises to a higher value immediately 
after extinction of the excitation than it has 
shown during excitation. The design of the 
apparatus did not permit making this observa- 
tion definitive. Such overshooting effects have 
been observed in the phosphorescence of mercury 
vapor by Wood,’ and in that of uranium glass 
by Wawilow and Lewschin.‘ Their experiments 
made possible observations at such short in- 
tervals of time that no luminescence whatever 
appeared until a finite time after extinction of 
the exciting light. 

The time required for completion of excitation 
and attainment of the full luminescence corre- 
sponding to equilibrium conditions was only 


> R. W. Wood, Proc. Roy. Soc. 99, 362 (1921). 
4S. I. Wawilow and W. L. Lewschin, Zeits. f. Physik 
35, 920 (1926). 
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slightly affected by the treatment or composition 
of the zinc silicate or by changes in temperature 
within the range of 77°K to 100°C. It was, 
however, reduced to two-thirds and less by a 
content of manganese lying above 2 percent. 
The rate of rise was in general the same as the 
initial rate of decay. 


Factors AFFECTING RATE OF DECAY AT 
Room TEMPERATURE 


The rate of decay of phosphorescence of zinc 
silicate was found to vary considerably depend- 
ing upon its composition and treatment. Some 
results are given in the curves of Fig. 4 for 
silicates all of which contained 0.4 percent 
manganese. Curve A is for the orthosilicate, 
ZnSiO,, the only compound of zine oxide and 
silica that exists. Curve B is for a silicate which 
contains one mole of free silica in the propor- 
tions ZnSiO,g-SiO.. Both of these phosphors 
were prepared from colloidal gels of zine and 
manganese nitrates in silica. The incorporation 
of the silica has considerably retarded the rate 
of decay. A similar effect, equally intense, was 
produced by incorporating in the orthosilicate 
3 percent lithium sulfate or 1 percent powdered 
porcelain. When the phosphor was prepared from 
a mixture of powders rather than from a colloidal 
gel, the rate of decay was accelerated, as shown 
in curve C, 

For the sake of comparison, the decay of zinc 
sulfide, activated with copper, is shown in curve 
D of Fig. 4. It is in an entirely different class. 
The initial drop is so rapid as to indicate that 
some of its luminescence is produced by the 
instantaneous process. The decay curve from 
0.001 sec. on can be expressed in the manner 
demonstrated by Byler® as occurring in a suc- 
cession of steps, each one of which follows the 
equation for a bimolecular reaction 1/\/ P=a+0t, 
where P denotes the phosphorescence at an 
instant of time (¢) and a and 6 are constants. 

The silicates showed an initial rate of decay 
which for any one phosphor remained constant 
up to about: 0.04 sec. Thereafter, the decay 
proceeded at a slower rate, as brought out in 
the curves of Fig. 5. The observed curves can be 


5 W.H. Byler, J. Am. Chem. Soc. 60, 632 (1938). 
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expressed as composites, as though they repre. 
sented decay processes occurring in two suc. 
cessive monomolecular stages. The amount of 
phosphorescence contributed at any instant by 
one of these processes can be obtained by sub. 
tracting from the observed value of the phos. 
phorescence the amount emitted by the other 
process, as found by extrapolation of its decay 
curve. A plot of the values thus obtained shows 
that the decay in the second stage can also be 
expressed as following an exponential rate over 
the range in which observations could be taken 
by this type of phosphoroscope. A comparison 
of the rates of decay shown by each of these 
stages is given in Table I, together with values 
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Fic. 5. Decay of phosphorescence of zinc silicate phosphors 


for the rate of rise in luminescence during initial 
excitation. The initial rate of decay is denoted 
by k; and the rate of the second slow stage by #: 
in the equation P=Pye~*'. The zinc silicate 
phosphors cited are of various compositions and 
treatment. The effect of grinding in increasing 
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the rate of decay is especially noteworthy. 
Asimilar effect, although not as pronounced, was 
brought about by prolonged heat treatment. 

As shown in the curves of Fig. 6, the rate of 
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Fic. 6. Phosphorescence decay of zinc silicate phosphors 
for variation in manganese content. 


decay was increased extremely in phosphors 
containing 2 percent manganese and more. For 
the sake of comparison, the decay as recorded in 
Table I is treated throughout as following an 
exponential equation. The results for 2 percent 
and 5 percent manganese, however, can be 
better expressed by the equation for a_bi- 
molecular reaction 1/,/P =a+bt. A more reason- 
able interpretation of their results is in fact 
possille by considering that the decay in 
presence of an excess of manganese follows a 
higher order reaction except at very low tempera- 
(ure. This will be treated more fully in the next 
section, 

The course of the decay in later periods was 
deterr ined photographically. This method was 
carrie’ out on a succession of different phosphors, 
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measured simultaneously. They were placed on 
small watch crystals in a row and excited by 
2536A. The lamp was then extinguished. At 
various periods after this, a photographic film 
was laid for 3 seconds over all of them. The 
resulting exposures on the film had densities 
proportional to the phosphorescence from the 
different samples at an identical period in their 
decay. The decrease in phosphorescence with 
time was given by the relative densities recorded 
at the different periods. The film density was 
expressed in terms of phosphorescent light in- 
tensity by means of a calibrated film which had 
been given step exposures to establish the 
relation between density and light intensity. 

Curves for several typical phosphors are 
shown in Fig. 7, where the phosphorescence of 
any one phosphor is expressed as the percentage 
which it bears to that of the normal phosphor, 
ZnSiO4:-SiO.+0.4 percent Mn. The curves are 
composites in that they are based upon the 
observations made with the phosphoroscope as 
well as upon those made photographically, in 
order to bring out how the luminescence decays 
from its initial value up to a point two minutes 
after extinction of the exciting light. The initial 
decay is so extremely rapid that no distinctions 
in it are perceptible on the compressed scale of 
Fig. 7. The second stage of decay, on the other 
hand, is extended over such a long period that 
the characteristics of the different phosphors 
are emphasized to an even greater extent than 
in Figs. 5 and 6. 

The dependence of the rate upon the presence 
of excess silica and upon the manganese concen- 
tration is especially notable. A unique effect due 
to low concentration of the activator is brought 


TABLE I. Rates of change in phosphorescence of 
stlicate phosphors. 


RATES DECAY 
PER- | RATE 
MIXx- TREAT- CENT | RISE 
COMPOSITION TURE MENT or MN K ki ke 
ZneSiO,-SiO.| Gel — 0.01 55 63 3 
0.4 &3 73 4 
2.0 112 170 — 
= “ Ground | 0.4 95 77 35 
Powder} — 0.4 94 86 24 
Zn2SiO, Gel — 0.4 85 77 16 
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out by consideration of the phosphor with 0.01 
percent manganese. Although its initial lumines- 
cence, as measured under continuous excitation, 
is only 12 percent of that from the phosphor with 
0.4 percent manganese, yet the absolute in- 
tensity of its phosphorescence 3 seconds after 
extinction of the exciting light is 80 percent 
greater, and this difference becomes still greater 
at later periods in the decay. 

The character of the decay was not altered 
by varying the intensity of the exciting light. 
A series of measurements was made with the 
mercury lamp placed at variable distances from 
the phosphor, a zinc silicate prepared from a gel 


mixture and containing 1.0 percent manganese. | 


The phosphoroscope was operated to give a 
period of excitation lasting 0.0375 second, 
sufficient to attain a state of equilibrium be- 
tween excitation of the phosphor and its emission 
of luminescence. The luminescence of the phos- 
phor at the end of this period of excitation was 
proportional to the light intensity, as brought 
out by the results of Table IT. 

The decay of phosphorescence for these three 
different cases is shown in the curves of Fig. 8. 
Its character is unaffected by variations in the 
intensity of the exciting light. The initial rate is 
uniform and has the same value as that in 
Table I. The slow second step of decay proceeds 
also at a uniform rate with no indications that 
the curves would ever meet, as they did in the 
case of the zinc sulfide phosphor described by 
Riehl. The continued separation of the curves 
throughout the entire course of decay was con- 
firmed by visual examination. Samples were 
exposed to 2536A at different distances and then 
placed side by side in the dark. The relative 
intensities of their phosphorescence remained 
proportional to the intensity of the exciting light. 
In the case, for instance, of a sample excited at 
a distance of 60 cm from the lamp, the phos- 


TABLE II. Fluorescence of zinc silicate as dependent upon 
intensity of exciting light. 


INTENSITY OF 
ExcitiInG LIGut 


RELATIVE 


DiIstANCE LAMP FLUORESCENCE 


°N. Riehl, Ann. d. Physik 29, 636 (1937). 
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Fic. 7. Decay of phosphorescence of zinc silicate phos- 
phors measured over extended time. A, Zn SiO«-Si0: 
+0.01 percent Mn; B, Zn.SiO,-SiO.+0.4 percent Ma 
C, percent Mn; D, Zn 
percent Mn—ground. 


phorescence was no longer visible after a period 
of 20 minutes in the dark, whereas a sample 
which had been excited at a distance of 10 cm 
still showed a moderate ‘phosphorescence glow 
at this period and was still plainly phosphores- 
cent after an hour in the dark. 


EFFECT OF TEMPERATURE UPON 
PHOSPHORESCENCE 


Observations made with the unaided eye 
the phosphorescence at other than room tef- 


JOURNAL OF APPLIED PHYSICS 


RELATIVE LUMINESCENCE 


pera 
ence 
only 
deca 
comy 
cann 

phos 
to tl 
more 
abou 
It w 
after 


cepti 
emis 
what 


cence 


VoL 


if 
10 
by 
4 
Ye 
5 
0 
— 
0 
Fic 
I, ght. 
0. inten: 
04 
4 
‘ 
Stage 
rast 
7.5 cm 100 100 
15.0 25 24 
22.5 
= 
4 


phos- 
Sid; 

Mn 


eriod 
mple 
() cm 
glow 
ores: 


ye on 
tem- 


ysics 


w \ 
3 
le 

0.6} — 

|_| 


20 40 60 80 100 120 140 
TIME - MILLI- SECONDS 


Fic. 8. Dependence of decay upon intensity of exciting 
light. A, Relative light intensity = 100; B, Relative light 
intensity = 25; C, Relative light intensity = 11. 


perature brought out some significant differ- 
ences. These observations necessarily pertain 
only to the second stage of decay because the 
decay in the first stage is so rapid that it is 
completed in less than one-tenth of a second and 
cannot be perceived by the eye. 

On excitation at 300°C and even at 100°C the 
phosphorescence was seen to be low as compared 
to that at 25°C and the speed of its decay was 
more rapid, for it could be observed only for 
about 15 minutes instead of an hour and more. 
li was not intensified by cooling the sample 
alter excitation. The effect of an increase in 
‘emperature is therefore to lower the concentra- 
tion of electrons which are retained in the 
metastable state accountable for the second 
stage of decay. 

The behavior below 25°C was in striking con- 
trast. At the temperature of liquid nitrogen, 
~196'(’, no phosphorescencé whatever was per- 
ceptibl’. When the sample was warmed, an 
emissicn of luminescence began to appear some- 
what |low 0°C and at about 10°C the lumines- 
‘ence ad become brighter than that from a 
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sample excited simultaneously but at room tem- 
perature. When it had attained room tempera- 
ture, the luminescence decayed at the same 
slow rate as that observed for the second stage 
of decay in a sample excited at 25°C. In the case 
of a sample which was excited at — 196°C and 
then maintained in liquid nitrogen for five days 
in the dark, not only did an emission of lumines- 
cence occur when the phosphor was finally 
warmed, but its intensity was fully as strong. 

At sufficiently low temperature then, the 
electrons which are effective in producing the 
second stage of decay are retained in a meta- 
stable state for an indefinitely long period. 
They remain latent and become available for the 
emission of luminescence when the temperature 
is raised sufficiently to free them. 

More detailed observations were made with a 
modified type of phosphoroscope in which the 
sample was placed externally to the disks and 
the luminescence measured as emitted from the 
surface of a heavy layer upon which the exciting 
radiation fell. The more important tests were 
made at 100°C and at —196°C. The phosphor 
was coated upon the flat side of a metal con- 
tainer which was kept filled either with boiling 
water or with liquid nitrogen during the test. 
The container was held in a wooden box having 
a tight-fitting quartz window on the side ex- 
posed to the exciting light. In the tests at low 
temperature the air space between the phosphor 
and the window was kept dry with phosphorus 
pentoxide and frosting on the outside of the 
window was prevented by blowing over it a 
blast of dry air. Conditions remained so uniform 
during any one test that the absolute values of 
points on the decay curve could be checked by a 
succession of repeated runs. Measurements were 
made after 0.0350 sec. excitation, sufficient to 
attain equilibrium. 

The initial rate of decay was the same at all 


TABLE III. Effect of temperature upon the rate of decay. 


INITIAL STAGE SECOND STAGE 


Temp. 1% Mn 2.5% Mn 1% Mn 2.5% Mn 
— 196°C 73 87 Latent Latent 
25°C 72 221 4 Weak 
54°C 72 — 14 — 
100°C 70 249 Very weak Very weak 
-. Very weak — 
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temperatures, as shown in Table III and in the 
curves of Fig. 9, where the results are expressed 


as percentages of the fluorescence observed at 
25°C. It is the second stage of decay that is of 
particular interest. In accordance with the visual 
observations, it was completely absent at 
—196°C so that the decay continued at its 
initial rate at least to a reduction in luminescence 
of 99.9 percent. At 54°C it was still present at 
sufficient intensity to measure but its rate had 
increased to 14 from its value of 4 at 25°C. 
At 100°C its decay was evidently still more 
rapid. It was still observable to the eye but its 
intensity was too low to measure. A summary of 
all the results is given in Table III. 
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Fic. 9. Decay of phosphorescence at different tempera- 
tures of zinc silicate phosphor containing 1.0 percent 


Mn. 
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The tests at different temperatures are helpfy| 
in the interpretation of the decay in phosphor 
containing an excess of manganese. The curves 
of Fig. 10 illustrate the situation for the case of 
a typical one, that with 2.5 percent manganese. 
It is probably only at — 196°C that the decay js 
truly that of a monomolecular reaction. At this 
temperature its behavior was the same as that 
described for the normal phosphor with 1 percent 
manganese. The decay was too rapid to be 
observed visually. When the sample which had 
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Fic. 10. Decay of phosphorescence at different tempe™ 


tures of zinc silicate phosphor containing 2.5 perce" 
Mn. 
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heen excited at — 196°C was warmed, an emission 
of luminescence appeared, followed by the 
normal rapid decay such as that noted on curve C 
of Fig. 7, denoting that at —196°C the process 
viving rise to the second stage of decay was 
present but latent. 

The initial phosphorescence at 25°C and above 
can be plotted as following an exponential rate 
of decay. For the case of those phosphors rich 
in manganese, however, it seems probable that 
at such temperatures the decay involves a 
higher order reaction. The results for the greater 
part of the observable decay can be expressed 
by the equation P~*=a+bt, where x is about 
0.5 at 25°C and 0.2 at 100°C. 

A basis for this is found in the behavior of 
their tluorescence at different temperatures.’ 
At 25°C it was found to be much below normal, 
) percent below for 2.5 percent manganese and 
65 percent below for 5 percent manganese. 
hese decreases became still more marked with 
rise in temperature. At —196°C, on the other 
hand, the fluorescence had risen so far as to be 
only 10 percent below normal. This behavior 
was ascribed to the effect of thermal vibration. 
\n increase in manganese content is accom- 
panied by such a closer approach of manganese 
atoms that there is opportunity for collisions 
between excited and normal atoms, with a 
consequent loss of potential energy and of its 
equivalent luminescence. The decrease in lumi- 
nescence observed with rise in temperature is in 
accord with this view in that the probability 
of collision is a function of the amplitude of 
thermal vibration. 

lt is significant that at —196°C this effect 
was reduced to a minimum and that, likewise 
‘i this temperature, the phosphorescence was 
observed to follow a monomolecular reaction. 
The behavior at higher temperatures is compli- 
cated and different from that of normal phos- 
phors containing 1 percent or less of manganese 
because two factors become active in the decay, 
collisions of manganese ions with free electrons, 
“ving rise to luminescence, and collisions of 
Manganese ions and atoms, causing a loss of 
polentl luminescence. The former factor re- 
mains onstant with change in temperature but 
the lattor is so dependent upon temperature that 
the rat. of decay as observed rises rapidly with 
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increase in temperature. The cause of decay is 
probably complicated still more by the coin- 
cidence of lattice defects at the location of 
manganese atoms, a feature whose possible sig- 
nificance will be brought out in the last section. 


THe Two STAGES OF PHOSPHORESCENCE DECAY 


A striking feature in the decay of phosphores- 
cence of the zinc silicates is the presence of two 
apparently separate stages. They are observable 
at room temperature in all types of silicate 
phosphors, regardless of treatment, composition 
and manganese content and regardless also of 
intensity and duration of excitation. The first 
stage, showing an exponential rate of decay, 
persists for 0.04 sec. at the longest, until the 
phosphorescence has fallen to 10 percent or less 
of its initial value. Then it passes by transition 
into a second stage, the first part of which 
shows also an exponential type of decay that 
continues, in the case of the normal phosphor, 
at least over the period 0.04-0.17 sec. Thereafter 
the rate of its decay becomes more complicated. 
The phosphorescence persists for a long time. For 
the normal phosphor, its luminescence is still 
readily observable to the eye in a darkened 
room after one hour. Despite the complex 
nature of the decay characterizing this second 
stage, it is convenient to think of it as the con- 
sequence of a mechanism which remains essen- 
tially the same throughout its long period from 
0.04 sec. onward. The question arises, is this 
division of the decay into two stages purely an 
arbitrary one or does it rather represent the 
existence of two different processes in the decay? 

The answer is given by the observations on the 
normal phosphor at —196°C. They show un- 
mistakably that two different processes exist. 
At this low temperature the second stage is 
completely absent. The decay observed shows 
the same rate as the initial decay at 25°C and 
persists exponentially to as low a value of 
phosphorescence as could be measured, falling 
to 0.1 percent of its initial value within 0.09 
sec. Low temperature, it is clear, has had no 
effect upon the mechanism involved in this first 
stage of decay other than to make it pre- 
dominant. 

Even though the process involved in the second 
stage is completely inactive at —196°C, it is 
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still present in a latent condition. This is shown 
by the emission of luminescence followed by a 
slow phosphorescence decay, which takes place 
when such a phosphor is warmed. It is as though 
the effect of low temperature were to retain 
electrons for an indefinitely long period in a 
metastable state. The first effect of excitation at 
such a low temperature would then be to 
saturate those states. The electrons liberated by 
additional excitation would consequently find 
these states unavailable and so would be free to 
migrate until they encountered manganese ions. 
The probability of this encounter would deter- 
mine the character of the emission during the 
first stage of decay. 

The number of such free electrons is relatively 
small compared to the number of captured 
electrons which are retained within the potential 
cup of the metastable state. The area subtended 
by the curve which represents the first stage of 
decay is only one-fiftieth that of the area sub- 
tended by the curve for the second stage of 
decay. As the number of manganese ions is 
equal to the sum of both groups of electrons, 
it is clear that the concentration of these ions 
will not be appreciably reduced by encounters 
with the free electrons but, at least for the case 
of the normal phosphor, will remain essentially 
constant. Their reunion will therefore have the 
characteristics of a monomolecular reaction and 


lead to the exponential rate that was observed. 


When the manganese content of a phosphor is 
increased, it is of course reasonable to find a 
higher rate of decay. 

The first stage of decay continues until the 
concentration of the group of free electrons falls 
below the concentration of the electrons which 
are being emitted from the metastable state in 
which they have been retained. From this point 
on, the course of decay is that of the second 
stage. 

Turning now to this second stage of decay, 
the observations denote that it arises from the 
retention of a portion of the excited electrons at 
a metastable state, and that its rate depends 
upon the rate at which they are emitted from 
this state. The state is of the nature of a potential 
cup, in which resistance is offered to the emission 
of electrons by the presence of a_ potential 
barrier. The relation between the height of the 
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barrier and the energy content of the electrons 
is strongly dependent upon temperature, A; 
—196°C it is so high as to retain the electrons 
indefinitely. At a temperature somewhat beloy 
0°C it is lowered to a point where some cay 
escape. It is lowered progressively by furthe; 
increases in temperature; at 25°C it is so Joy 
that enough electrons escape to make this stage 
an important feature in the decay; at 54°C it js 
enough lower to allow the escape of so many 
more that the rate of decay is tripled; at 100°C 
it is so low that relatively few electrons are 
retained in the state with the result that this 
stage of decay does not become noticeable until 
the luminescence has fallen to less than 1 per. 
cent of its initial intensity. 

It is interesting to inquire if there is any 
physical feature present in phosphors which 
could give rise to such a metastable state. A first 
approach to the question may be had by con. 
sidering those other factors besides temperature 
which affect the second stage of decay and noting 
if these factors can be considered as having in 
common an effect upon some specific physica! 
feature of the crystals. These factors include 
(a) the presence of excess silica, (b) grinding, 
(c) size of the oxide particles used as ingredients 
in the reaction and (d) manganese content. 
An excess of silica has the effect of bringing 
about, earlier in the decay, the transition from 
the first to the second stage and of causing the 
latter to proceed at a slower rate than observed 
for the normal orthosilicate. The other factors 
have an opposite effect, lowering the amount ol 
luminescence emitted during the second stage 
by causing it to start at a later point in the decay 
and to proceed more rapidly. 

These effects may be coordinated by noting 
that all the factors producing them have a! 
influence upon one specific physical property 0! 
the phosphor. They determine the extent and 
character of lattice distortions within the silicate 
crystals. The grounds for this conclusion wil 
now be taken up and at the same time the 
further query will be considered—how might the 
rate of decay in its second stage depend upo! 
the nature and number of such lattice dis 
tortions? 

Consider first the effect of an excess of silica 
in decreasing the rate. There is only one com 
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pound of zine oxide and silica, the orthosilicate, 
ZnSiOy. Its rate of decay is reduced by incor- 
porating with it a suitable foreign ingredient, 
such as an extra mole of silica to form the 
conglomerate, ZneSiO4- SiO». To accomplish this 
it was necessary that the mixture of oxides as 
first tired should contain the additional silica. 
\Vhen the mixture was fired in the proportion 
for the orthosilicate and then mixed with the 
additional silica, further firing did not change 
the status from that of a mechanical mixture 
and had no effect upon the phosphorescence. 

This signifies that the silica is intimately 
associated with the phosphor. Intimate associa- 
tion does not mean, however, incorporation in 
the lattice, for x-ray diagrams showed the per- 
sistence of the orthosilicate structure and the 
presence of free silica in addition. It must mean 
therefore the inclusion of small molecular groups 
of one ingredient within the other. This is a 
condition which leads to irregularities in the 
crystalline structure of the silicate and to the 
introduction of lattice defects. The same ex- 
planation would account for the similar effect 
shown by additions of powdered porcelain or of 
lithium sulfate. Rexer’ has in fact observed that 
the presence of a foreign body increases the 
number of lattice defects. 

It is therefore to be considered whether the 
reduction in the decay rate such as produced by 
these foreign additions may be due to the in- 
crease in number of lattice defects which their 
presence favors and to the association with these 
defects of those metastable states capable of 
capturing electrons. Such a relationship has 
already been assumed to account for the presence 
in halide crystals of color centers, whose forma- 
tion has been ascribed by Pohl and Gudden® to 
the migration and retention of electrons at 
lattice defects. According to a recent view ex- 
pressed by von Hippel,? these need not be 
present initially in the lattice. He ascribes the 
formation of color centers to the migration of 
an electron to a potential cup in the lattice. 
A metal ion is thereby converted into an atom 
and the diameter of the atom is so much larger 
that i' leads to a distortion in the lattice, at 

'E. Koxer, Zeits. Physik 76, 735 (1932). 
ome hl and B. Gudden, Zeits. f. angew. Chemie 49, 

‘A. \ Hippel, J. App. Phys. 8, 815 (1937). 
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which an electron may be trapped to become the 
nucleus for a color center. This view, however, 
represents only an additional mechanism for 
introducing within a crystal a localized state of 
disorganization of the same nature as that 
formed by grosser means, such as a disturbance 
of stoichiometric proportions, or the presence of 
impurities. When such a state is produced in 
one of the two latter ways, it should still serve 
as a means of retaining the excited electron 
whose eventual return is to give rise to phos- 
phorescence. The impurity must of course be a 
neutral one, as distinguished from those injurious 
ones, such as certain metallic oxides, which, even 
at low concentration, serve as poisons to the 
emission of luminescence. The action of such 
poisons is probably due to collisions of the 
second kind, as the result of which the energy 
of an excited electron is dissipated in purely 
kinetic effects. 

This hypothesis would explain also the in- 
crease in decay rate produced by grinding, 
despite the opposite conclusions drawn by Riehl 
and Ortmann.'® The abnormally low tensile 
strength of single crystals has been ascribed to 
the presence of lattice defects" from the view- 
point that they introduce planes of mechanical 
weakness at which premature deformations occur. 
This has led Smekal to conclude that lattice 
defects serve as locations for phosphorescence 
centers and that the increase in rate of decay 
produced by grinding is due to a preferential 
splitting along the planes established by these 
defects. From this viewpoint the operation of 
grinding would bring about the conversion of 
relatively large, imperfect crystals into smaller 
and more perfect ones. This would account 
readily for one of its effects upon the zinc silicate 
phosphors; namely, that the second stage of 
decay does not become noticeable until the phos- 
phorescence has fallen to a relatively lower 
value. The other effect, the higher rate of decay 
could be explained on the assumption that 
grinding removes preferentially those lattice de- 
fects which offer the highest potential barriers 
to escape of the captured electrons. 

The size of the zinc oxide and silica particles, 


10N, Riehl and H. Ortmann, Ann. d. Physik 29, 556 
(1937). 
1! A, Smekal, Zeits. f. tech. Physik 7, 535 (1926). 
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used for the reaction is the third factor. The 
results of using coarse, precipitated powder 
rather than a colloidal gel are the same as those 
produced by grinding and can be laid to the 
same causes. A colloidal gel at best represents 
an aggregate of finely crystalline fragments, a 
condition that will augment the number of 
lattice imperfections in the crystalline product 
derived from it. By contrast, a product derived 
from coarse particles will allow the formation of 
less imperfect crystals. 

High manganese phosphors are in a distinct 
class by themselves. A discussion has already 
been given of one complicating factor which is 
present in them at 25°C and above. At — 196°C 
this factor was absent and the existence of a 
second stage of decay could be observed. At 
higher temperatures it seems probable that still 


another complicating factor enters which makes 
it questionable whether this second stage retains 
its identity. The presence of a high content of 
manganese atoms introduces distortions in the 
lattice, so that crystal imperfections appear 
which coincide with the location of these atoms, 
The presence of manganese ions at the very 
defects that they produce acts at normal tem. 
peratures to lower to an abnormal extent the 
potential barriers to which electrons retained at 
these defects are subjected. This would act to 
merge together the two stages of decay and thus 
to account for the shortness of the period in 
which phosphorescence is observable even at 
25°C. 

The author wishes to express his gratitude to 
Dr. Ralph P. Johnson for many helpful dis. 
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The Reignition of Short Arcs at High Pressures 


J. D. Cosine, R. B. Power* anp L. P. Winsor 
Harvard Graduate School of Engineering, Cambridge, Massachusetts 


(Received September 21, 1938) 


An investigation has been made of the reignition of 
short a.c. arcs in air at pressures from one to eight atmos- 
pheres, for currents less than 3.25 amperes (and with a 
resistance circuit). Pure graphite electrodes were used and 
were separated. by a distance of 1 mm. The reignition 
voltage under these conditions increases with pressure and 
decreases as the current is increased. The characteristic of 
reignition potential vs. current has been found to exhibit a 
discontinuity at a critical current. For this current the 
reignition potential decreases by about 1000 volts to a new 


INTRODUCTION 


HE extensive study of electric arcs under a 

wide variety of conditions of electrode 
materials, gases and vapors has led to the 
division of arcs into groups, which are dis- 
tinguished from one another by the nature of 
the processes that occur in the cathode-drop 
region. The oldest theory, proposed by J. J. 
Thomson,':? is that the electrons necessary for 


* Kennecott Wire and Cable Company. 

‘J. J. Thomson, Conduction of Electricity through Gases 
(Cambridge University Press, second edition, 1906), p. 604; 
also (third edition, 1933), Vol. II, p. 589. 

2K. T. Compton, Phys. Rev. 21, 266 (1923). 
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characteristic typical of the higher currents, This critical 
current increases with the gas pressure to a maximum of 
2.25 amp. As the r.m.s. current is increased from low values 
to values near the critical, the number of cycles during 
which the reignition potential has the value given by the 
higher characteristic decreases. For currents equal to, or 
greater than the critical value, only the low reignition 
potentials are obtained. This transition is accompanied by 
an increase in the burning voltage of the arc. 


the arc are supplied by thermionic emission at 
the cathode. Thomson’ would extend this theory 
even to the volatile materials by assuming 4 
very high temperature produced in a_ thin 
surface layer by positive ion bombardment. 
However, for the volatile materials Langmuir' 
has proposed that the necessary electrons may 
be xtracted from the cold metal by the high 
electrostatic field existing at the cathode surface 
due to the presence of a positive ion space-charge 
in the region of the cathode drop. Compton,’ 


* Reference 1, p. 596. 
41. Langmuir, Gen. Elec. Rev. 26, 731 (1923). 
5K. T. Compton, Trans. A. I. E. E. 46, 868 (1927). 


JOURNAL OF APPLIED PHYSICS 


pl 


‘ 
b 
7 | 
hi 
st 
nl 
In 
in 
Wi 
re 
th 
‘ 
mi 
re 
tre 
sn 
45 
| 
Ek 
Wes 
fall 


tion 


| by 


| at 


SICS 


Langmuir,’ Mackeown’ and others who have 
considered this theory have concluded that in 
most cases of volatile materials the field emission 
theory is valid. There are, however, many special 
borderline cases where there is considerable 
uncertainty as to classification. Druyvesteyn® 
has suggested a modification of the “‘field” 
theory which is based on the glow discharge 
observations of Guntherschulze and Fricke.® In 
this modified form the field is presumed to be 
produced in an extremely thin layer of relatively 
high resistance material, such as an oxide, by a 
surface layer of positive ions. The apparent 
necessity!’-” of the presence of an oxide for a 
stable arc indicates the possibility of this mecha- 
nism under some conditiens. Naturally, the 
presence of low work-function impurities will 
increase the emission and affect the mechanism. 
Since the effective work-function is markedly 
influenced by adsorbed gas layers," it is reason- 
able to expect that the cathode mechanism 
would be affected by the gas condition of the 
surface." 

Since alternating-current arcs require the 
reversal of anode and cathode each half-cycle, 
it is reasonable to expect that the reignition of 
the “field” are would differ from that of the 
thermionic arc. The reignition voltages of fairly 
heavy current carbon and tungsten arcs have 
been found to be very low compared to the 
relatively high reignition voltages of the volatile 
metals,'® which bears out this belief. The 
reignition potential of very pure carbon elec- 
trodes has been found'*'8 to be quite high for 
small currents and to decrease to relatively low 


‘values for high currents. These high reignition 


‘I. Langmuir, Zeits. f. Physik 46, 271 (1927). 

‘S.S. Mackeown, Phys. Rev. 34, 611 (1929). 

*M. J. Druyvesteyn, Nature 137, 580 (1936). 
an and H. Fricke, Zeits. f. Physik 86, 
(1933), 


ph (5, Suits and J. P. Hocker, Phys. Rev. 53, 670 
“J. 0. Cobine, Phys. Rev. 53, 911 (1938). 
“G. b. Doan and J. L. Myer, Elect. Eng. 51, 624 (1932). 
“>. Dushman, Rev. Mod. Phys. 2, 381 (1930). 
ecken and K, Sommermeyer, Zeits. f. Physik 102, 
(1936), 
mane Be Todd and - E. Browne, Phys. Rev. 36, 732 
JS. S. Mackeown, J. D. Cobine and F. W. Bowden, 
Elect. ng. 53, 1081 (1934). 
Cw J. |). Cobine, Physics 7, 137 (1936). 
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(a) (b) 


Fic. 1. Cathode-ray oscillograms of arc in air at atmos- 
pheric pressure (Arc current =0.31 ampere r.m.s.). 


(a) Arc voltage vs. time. Reignition voltage = 2880 volts. (b) Arc cur- 
rent vs. time. Peak of current wave =0.44 ampere. (Note—The time axis 
of (6) is different from that of (a).) 


potentials of carbon are of the same order of 
magnitude as exist for metals, which indicates 
the possibility of a “field” arc for small current 
carbon arcs. 


EXPERIMENTAL RESULTS 


Power was supplied by a 15-kva 60-cycle 
transformer and the current was limited by a 
resistance in series with the arc.’® The arc 
burned in air between the plane end surfaces of 
}-inch diameter spectrographic carbons. The 
electrodes were frequently cleaned with a file 
and reset to insure the accuracy of the experi- . 
mental results. Spectrographic examination of 
the electrodes after cleaning demonstrated that 
no impurities were introduced by the procedure 
followed. Voltage measurements were made by 
means of a cathode-ray oscillograph connected 
across a portion of a high resistance shunting 
the arc. 

Typical cathode-ray oscillograms of the dis- 
charge voltage and current are shown in Figs. la 
and 1b, respectively. These oscillograms show 
the relatively high voltage reached at the end 
of the long period of near zero current between 
arc extinction and reignition. 

The relations between reignition potential and 
r.m.s. arc current for constant gas pressures are 
presented in Fig. 2. The 60-cycle sparking 
potential of the gap is indicated by the points 
at zero current. The effect of increased pressure 
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is to increase the reignition potential'?: '® while 
an increase in arc current lowers the reignition 
potential. These curves exhibit three definite 
regions. For currents less than 0.2 ampere, the 
discharge is a glow for all or for most of the 
cycle, and the effect of the discharge current on 
reignition is relatively small. The burning voltage 
in this region is of the order of 300 volts. The 
other two regions are defined by a relatively 
abrupt decrease in reignition potential for a 
transition region between 1.1 amp. and 2.25 
amp. The arc is quite mobile when operating on 
the high characteristic, but relatively fixed in 
position for the high current characteristic. When 
the r.m.s. current is increased to within about 
0.25 amp. of the transition current, the reignition 
potential assumes at first the high value and 
then decreases to a low value. As the current is 
increased toward the indicated transition value, 
the number of cycles exhibiting a high reignition 
potential decreases until the critical value is 
exceeded, after which only the lower character- 
istic is observed. The transition current increases 


REIGNITION POTENTIAL — KILOVOLTS 


> 


ro 


5 1.0 1.5 20 2.5 3.0 
ARC CURRENT — AMPERES [R.M.S) 


Fic. 2. Are reignition characteristics for constant 
pressures. Gap=1 mm, gas=air, parameter=pressure in 
cm of Hg. 
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with pressure to a maximum of 2.25 amp. which 
is reached at a pressure of approximately 250 em 
Hg for the gap and circuit constants of these 
experiments. 

It is evident that the phenomenon of differen; 
reignition characteristics might be due either to 
a difference in the nature of the positive columns 
or to some difference in the cathode-drop regions, 
The first possibility suggests that the discharge in 
the intermediate current range is not an arc but 
a high current high pressure glow discharge"®. 
and the transition in reignition potential is that 
which would naturally accompany a change from 
a glow to an arc. The other possibility suggests 
that the are cathode mechanism is different in 
the two regions, i.e., the low current region 
could be a “‘field”’ arc and the high current one 
might be a thermionic type of arc. In order to 
determine which of these possibilities is the more 
probable, a study was made of the discharge 
burning voltage. The high reignition potentials 
in these experiments made it necessary to use a 
potentiometer to keep the voltage at the oscillo- 
graph at a reasonable value. A_ two-stage 
amplifier facilitated the measurement of the low 
burning voltage of the discharge. Since the 
burning voltage has its minimum value at the 
instant of maximum current, the voltage at this 
instant was chosen for study. The curves marked 
B of Fig. 3 give the relation obtained between 
the burning voltage and the r.m.s. are current. 
Each curve of burning voltage exhibits an 
unstable transition region at the point of reigni- 
tion transition, as is shown by the curves marked 
A which are repeated for direct comparison. It 
is important to note that the burning voltage 
increases at this point. The transition region 
covers approximately 0.25 amp. in which the 
burning voltage varies at random from cycle to 
cycle between the two characteristics. 


DISCUSSION 


The appearance of the discharge column for 
currents greater than 0.2 amp. is typical of the 
arc in that the column consists of a very intense, 
highly constricted path. The glow discharge 
column, of low intensity and relatively large 


19°C, G. Suits, Phys. Rev. 63, 609 (1938). 
20 J. D. Cobine, Phys. Rev. 53, 911 (1938). 
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cross-sectional area, appeared only at currents 
less than 0.2 amp. The magnitude of the burning 
voltage of the discharge for currents greater 
than 0.2 amp. is of the same order as is usually 
associated with the arc™* for the current, 
pressure and gap used. This also indicates that 
the discharge under observation is an arc for all 
currents greater than 0.2 amp. and is‘a high 
pressure glow discharge only for currents less 
than this value. 

It has been brought out repeatedly that a 
mobile cathode spot is not associated with 
appreciable thermionic emission.4-* The fact 
that for pure carbon this mobility of cathode 
spot is found in the low current region indicates 
that the necessary electrons may be supplied by 
“field” emission under these conditions. On the 
other hand, the higher current region is un- 
doubtedly associated with the thermionic type 
of emission, since its cathode spot is relatively 
steady. The existence of a ‘‘field”’ arc for carbon 
is probably due to the use of electrodes free from 
low work-function impurities. The absence of 
impurities will require a much higher cathode 
temperature for appreciable thermionic emission, 
and consequently a higher are current than is 
necessary for impure electrodes. The transition 
region, in which the reignition potential de- 
creases and the burning voltage increases, is 
undoubtedly the same phenomenon as was 
observed by Becken and Sommermeyer™ for 
both tungsten and carbon cathodes. In their 
experiments the burning voltage also increased 
when the wandering ‘field’ cathode changed 
into a fixed thermionic cathode. In their experi- 
ments, as in ours, this transition was induced by 
permitting the cathode to heat up by continued 
arcing. 

The gas condition of the electrode surface has 
an important bearing on the nature of the 
emission processes, for the effective work-func- 
tion of the surface is influenced by adsorbed 


©. (5, Suits, Physics 5, 380 (1934). 

“A. v. Engel and M. Steenbeck, Elektrische Gasent- 
ladun " (Julius Springer, 1934), Vol. 2, p. 154. 

: H. Stolt, Ann. d. Physik 74, 80 (1924). 

W. Xamberg, Ann. d. Physik 12, 319 (1932). 

“KR. Seeliger, Physik der Gasentladungen (Johann 
Ambr ius Barth, 1934), second edition, pp. 404 and 494. 

*H. Vlesse, Ann. d. Physik 22, 475 (1935). 


and R. Seeliger, Ann. d. Physik 24, 609 
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Fic. 3. Carbon arc characteristics in air. Gap=1 mm. 


gases. However, the most important effect to be 
considered in these discharges is the effect of a 
surface layer of positive ions drawn from the 
discharge column. Such a charged layer will 
produce a very high electrostatic field at the 
electrode surface.'*: ** This will have the effect 
of producing an emission far in excess of that 
which could be obtained by the action of the 
average field of the cathode drop acting alone. 
This effect is closely related to the emission 
through oxide films discussed by Druyvesteyn® 
for metallic cathodes. Relatively high fields can 
also be produced at the points of contact 
between the electrode and loose particles of 
carbon. If the current to such a point became 
appreciable, local heating would result in in- 
creased emission. It is probable, as Becken and 
Sommermeyer point out, that the transition from 
“field” to thermionic emission is induced by 
electrode heating which drives adsorbed gases and 
ion layers from the active portion of the cathode. 
This would explain the gradual decrease in 
duration of the “field” phase as the critical 
current is approached. Since the loss of the 


28. Malter, Phys. Rev. 49, 478 (1936). 
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surface charge will raise the effective work- 
function of the cathode, it is reasonable that the 
arc burning voltage should increase at the onset 
of thermionic emission. The arc burning voltage, 
as has been observed previously,”*: *° increases 
with the gas pressure. 

It is evident from the curves of Figs. 2 and 3 
that the two types of arc cathode mechanisms 
are with different reignition phe- 
nomena. In order to interpret correctly the 
observed effects it is necessary to consider both 
the state of the gas in the discharge path, and 
the surface condition of the incoming cathode at 
the instant of zero current. The conductivity of 
the column of the high pressure arc is maintained 
by thermal ionization.”°:*':* When the are 
current becomes zero under these conditions, 
the gas temperature and the degree of ionization 
decrease at a definite rate determined by the 
characteristics of the gas.*: In the absence of 
a reapplied voltage, the gas is rapidly deionized 
by recombination and diffusion. Even in the 
presence of a reapplied voltage, deionization of 
the gas near the electrode surfaces is very 
rapid.*® The dielectric strength thus recovered 
increases as the r.m.s. current is decreased. The 
high anode temperature of a 3-amp. carbon arc,** 
plus the relatively low heat conductivity of 
carbon, makes it possible for this electrode to be 
sufficiently active thermionically to supply all 
the necessary electrons when it becomes cathode. 
Under these conditions the low reignition po- 
tential observed is all that is required to establish 
the positive ion space-charge in the new cathode 
region and to overcome the effect of volume 
deionization of the column. The larger the arc 
current the higher the electrode temperature at 
any instant after extinction and the nearer the 
reignition potential will be to the burning 
voltage. 

If the electronic emission in the “‘field’”’ arc 
range of currents depends largely on a layer of 
positive ions on the cathode surface, the condi- 
tions at the instant of zerc currents are unfavor- 


associated 


2” [—D. C. Prince, Trans. A. I. E. E. 52, 844 (1933). 
80 (4. P. Luckey, Phys. Rev. 9, 129 (1917). 

G. Suits. Physics 6, 315 (1935). 

® Reference 22, p. 140. 

33C, Ramsauer, E. u. M. 51, 189 (1933). 

4% C.G,. Suits, Gen. Elec. Rev. 39, 194 (1936). 

% T. E. Browne, Physics 5, 103 (1934). 

%® Reference 22, p. 136. 


424 


able to reignition. A positive ion space-charge 
and surface layer must be established at the 
surface which, while acting as the anode, had 
just been the seat of an electron space-charge, 
In addition, the actual volume of ionized gas jp 
the column is less for these lower currents so 
that deionization is correspondingly more rapid. 
It is possible that the recovery voltage first 
establishes a low current glow discharge. The 
positive ion bombardment of the new cathode 
during this period serves to establish the neces- 
sary surface charge. The electron emission will 
concentrate at surface irregularities where the 
electric field is high. The effects of high space- 
charge, surface charges, and emission by positive 
ion bombardment will become cumulative as 
the recovery voltage increases and the arc 
cathode spot will be established.'® The experi- 
mental reignition voltages under these conditions 
are much greater than for the thermionic arc, 
which substantiates the foregoing reasoning. It 
is probable that ionization in the reignition period 
is largely by electronic collision. If this is true, 
the gradient of the column during reignition 
should increase with pressure, as it does, because 
of the shorter mean free path. It should be noted 
that the reignition potential will not be as high 
as the pressure might indicate because the pre-arc 
discharge takes place in a column of gas whose 
density, although increasing with time, is less 
than that of the surrounding medium, due to 
the heating effect of the arc. The addition of 
inductance to the circuit will shorten the 
deionization time*®? and correspondingly will 
reduce the reignition potential. When the main 
discharge is a glow, there is no thermal ionization 
in the column so that the deionization is very 
rapid and the glow reignition is high. For very 
small currents the reignition is essentially a 
spark breakdown. 

The authors gratefully acknowledge the advice 
and assistance in connection with this research 
received from Dean Emeritus Harry E. Clifford 
and Professor C. L. Dawes of the Graduate 
School of Engineering, and from Professor F. A. 
Saunders of the Physics Department of Harvard 
University. 
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Wratten Light Filters 
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Wraarren LIGHT FILTERS are universally used in widely sep- 
arated fields of scientific research. 

The Wratten list includes filters for use with all types of 
color-sensitive films and plates. Over one hundred different 
filters are available. 
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publication, Wratten Light Filters; price, 50 cents. A price list 
of filters will be furnished free on request. 
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High GCOUNACY i in ultra high 


frequency current measurement! 


WESTON 


(ultra high frequency type) 
THERMO-AMMETERS 


Its development program constantly in tune with industry’s needs, 
WESTON now is supplying all Thermo-Ammeters of a new design which 
furnishes a new, high order of accuracy in current measurement for 
transmitter and other circuits operating on ultra high frequencies. » » » 
Employing a new, patented principle* developed in WESTON’S labora- 
tories, these instruments now reduce the errors to the extremely small 
value of 1 per cent at 50 megacycles, and 3.5 per cent at 100 mega- 
cycles; whereas, with ordinary thermo-ammeters the errors at such 
frequencies may rise to as high as 50% for the higher current ranges. 
» » » WESTON ultra high frequency Thermo-Ammeters are available 
in both round and rectangular shapes, in all standard panel and 
switchboard sizes. Complete data can be secured from the WESTON 
office in your vicinity; or, direct from Weston Electrical Instrument 
Corporation, 608 Frelinghuysen Avenue, Newark, New Jersey. 


*WESTON Thermo-A ters loy a heated member of tubu- 


/ 1/4 lar structure to maintain the effective resistance, and ¢ 
temperature rise, nearly constant up to very high frequencies. 
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General Electric Receives Television License 


A television transmitter, designed to broadcast pictures 
with improved picture definition, will be put into operation 
within the next three months by General Electric at 
Indian Ladder in the Helderberg Hills, twelve miles from 
Schenectady, New York. Built on top of a 1500-foot hill 
with an antenna strung on 100-foot towers, this station 
will be at least 250 feet higher than the one atop the 
Empire State building in New York. To the south are 
higher hills which, with a directional antenna, will tend 
to prevent the signal from causing any possible interference 
with stations in New York City. With a power output of 
10 kilowatts, its coverage will be the area comprising 
Schenectady, Albany, Troy, Amsterdam and Saratoga, 
known as the Capital District, with a combined population 
of more than 500,000. 

The television studio will be located in Schenectady, in 
quarters occupied by WGY until this station moved into 
its new broadcast home last summer. Its equipment will 
incorporate many new features developed by General 
Electric engineers who not only pioneered but have spent 
years in television research. These developments assure a 
more perfect pick-up and broadcast of pictures. As such 
times as studio programs are not available, motion picture 
film will be used much the same as electrical transcriptions 
now fill in on broadcast programs. 

From an ultra-short wave transmitter on top of the 
studio building, the images will be relayed over the 12-mile 
gap on a 1.4-meter band to the main transmitter in the 
Helderbergs, where they will be broadcast for public 
reception on a wave-length in the 66-72 megacycle band 
or on about 4} meters. The voice accompanying the 
picture will also be broadcast on the same band, on a 
frequency immediately adjoining the picture, assuring 
reception with less interference from static than experi- 
enced on the regular broadcast channels. 

More than 250 vacuum tubes will be utilized in the 
complete television transmission equipment, which is five 
times as many as now used for voice broadcasting. Many 
of these tubes are of new design. The antenna will also be 
different, resembling a cube of wires as strung from the 
three 100-foot poles. The station is being built so that 
changes may be made from time to time as new develop- 
ments in television occur. 


Cut-Away Triode Shows Electrode Operation 


To show plainly what goes on inside a three-electrode 
vacuum tube and the effect of a magnetic field on a stream 
of electrons flowing through a vacuum, Westinghouse 
engineers have built a triode 27 inches high and seven 
inches in diameter, to be exhibited at the New York 
World’s Fair. It is similar to a standard radio tube except 
that it has two filaments and two grids on opposite sides of 


Innovations in Instruments 


the plate, so that the action is visible from both directions, 

The surface of the plate is coated with fluorescent 
material, so that wherever electrons impinge on the plate, 
a green color shows. By changing the negative biasing 
voltage supplied to the grid, the stream of electrons to the 
plate can be varied from zero to the maximum of which 
the tube is capable. A pattern on the face of the plate 
shows the area normally bombarded by electrons. 

By placing a permanent magnet near the tube, the 
electron stream can be deflected by the magnetic field. 
The effect of the field on the electron stream can be seen 
plainly. This effect varies according to the way the magnet 
is applied to the tube. 

The circuit used is similar to that in audioamplifiers. 
A 60-cycle frequency is applied to the grid and the tube 
output is connected to a loudspeaker. The loudness of 
the audiosignal corresponds to the area of the green glow 
on the plate of the tube. 


Reflector Photofiood Lamp 


A new photoflood lamp which includes within its bulb 
both light source and reflector has been added to the line 
of Mazda photographic lamps manufactured by the 
Westinghouse Lamp Division of the Westinghouse Electric 
& Manufacturing Company, Bloomfield, New Jersey. It 
will be called Mazda reflector photoflood lamp No. R2. 
The new lamp produces a cone of light covering about 
60 degrees. The color of its light is about the same as that 
of conventional phototlood lamps, insuring good color 
radiation in black and white films. The lamp also is 
recommended for color photography. Because the distribu- 
tion and quantity of light is similar to that of a regular 
No. 2 photoflood in a good reflector, the same exposure 
data are applicable to both lamps. 

The new lamp closely resembles in appearance the R-4 
reflector spot lamp; however, the photoflood lamp has a 
special filament shape, size and position and the inside 
frosting is somewhat heavier, providing a wider light 
distribution well adapted to photographic service. The 
lamp contains also a reflecting disk mounted on the stem 
just behind the focal point of the reflecting surface to 
utilize that part of the light which is projected toward 
the unsilvered neck of the bulb and which would otherwise 
be lost. Its heavily metalized reflector stays efficiently 
bright during its life of 6 hours. Its medium screw bas 
fits the usual socket. It is made for 105- to 120-volt 
circuits. 


Four-Foot Fluorescent Lamps 


A new larger fluorescent Mazda lamp, available April |, 
was announced by the Westinghouse Lamp Division, 
Westinghouse Electric & Manufacturing Company, 
Bloomfield, New Jersey. The significance of this new lamp 


on 
7 
: 
« 
fi 
h 
P 
Is 
| 
1 
‘ | 
+ 
i, 
- 
‘A 
xX 
: 
an 
2 


ce to 
yward 
wise 
iently 
base 
)-volt 


pril |, 
rision, 
pany, 


“JAGABI” RHEOSTATS 


A Jagabi Screw-Drive Rheostat 
10-inch size 


For Fine Adjustment and Control 
of Electric Current 


“We have always found these rheostats satis- 
factory... Attempts to purchase cheaper ones 
have been disappointing ... Every rheostat 
purchased from you during the past 10 years 
is still in use.”’ 

University 


Do you have on file our Jagabi 
Rheostat Bulletin 1515-R. Write. 


JAMES G. BIDDLE CO. 


| ELECTRICAL xo SCIENTIFIC INSTRUMENTS | 
121-13 STREET. Pa. 


highest purity... 
for all purposes 


Linde Rare Gases and Linde Rare Gas Mixtures 
are available for the study of electrical discharges, 
for use in rectifying and stroboscopic devices, and 
in inert atmospheres where heat conduction must 
be reduced. Additionally, the facilities of Linde 
laboratories are available for the preparation of 
special mixtures for experimental uses. Write 
any Linde office for folder and full information 
about Linde Rare Gases. 


The word “Linde” used herein is « registered trade-mark. 
THE LINDE AIR PRODUCTS COMPANY 


Unit of Union Carbide and Carbon Corporation 
NEW YORK AND UCC) PRINCIPAL CITIES 


THE WORLD'S LARGEST PRODUCER OF OXYGEN 
AD OTHER GASES OBTAINABLE FROM AIR 


EPPLEY 
STANDARD 
CELLS 


for students’ use 


A CADMIUM STANDARD CELL 
FOR POTENTIOMETRIC 
DETERMINATIONS 


The new style molded bakelite case pre- 
sents definite advantages in both protection 
and appearance over the old style support. 


For students’ use, where protection from 
accidental current drains is desired, we offer 
this cell with a 10,000 ohm protective series 
resistance. This unit is of particular value 
when setting up experimental circuits. 


Cat. No. 102R Standard Cell, Eppley, Stu- 
dents’ Type. Voltage approximately 1.018 
volt at average room temperatures. Guaran- 
teed accurate to + 0.1%. With 10,000 ohms 
protective series resistance 


Cat. No. 102 Standard Cell, Eppley, Stu- 
dents’ Type. Same as above but without 
protective series resistance $12.00 


Write for descriptive folder. 


THE EPPLEY LABORATORY, INC. 


SCIENTIFIC INSTRUMENTS 


NEWPORT, R.1. 
U.S.A. 


Please mention this journal when writing to advertisers 
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TYPE S POTENTIOMETER 


An accurate and inexpensive laboratory potentiom- 
eter suitable for all measurements of potential dif- 
ference and for student instruction in the potentiom- 
eter method. Two ranges—1.6 volts and 16 M.V. 
Coils are accurate to within 1/20 per cent. Price 
seventy-five dollars, 


ASK FOR BULLETIN 270. 


RUBICON COMPANY 


Electrical Instrument Makers 


29 N. SIXTH STREET PHILADELPHIA, PA. 


FINE WIRES 


TAYLOR PROCES § 


HE TAYLOR PROCESS is a method for making 

wires from substances which lack ductility. The 
elements or alloys, because the drawing is done in 
glass or quartz, are in a very pure state. Lengths 
of more than a few feet cannot be obtained. The 
wires may be had with or without the glass insulation. 
We make Taylor Process wire of Pt, Rh, Au, Ag, Cu, 
Fe, Zn, Cd, Pb, Sb, Bi, Sn, Se, Te, Tl, Ga, and In, 
Constantan, Bi-Sn, Cd-Sb (used where large E.M.F. 
is desired) and many other alloys. Our wires are 
packed in containers holding one foot and, with 
few exceptions, the sizes are from one mm to one 
micron. We manufacture, too, fine wire by the Wol- 
laston Method, by extrusion and by bare drawing. 


WE ARE SPECIALISTS IN PLATINUM AND CAN SUPPLY IT 
IN WHATEVER FORM YOU REQUIRE 


BAKER & CO., INC. 


113 Astor Street, Newark, New Jersey 


Innovations in Instruments (continued) 


lies in its extension of fluorescent lamp usage, because of 
the increased light output now obtainable from a single 
lamp. The new size, being of the same diameter and having 
the same brightness as two of the four existing sizes, cay 
be used with these sizes in designing lines of lamps place; 
end to end. 

The complete list of sizes now is: 


Length Diameter 
18 inches 


24 
48 
The light output of the 48-inch lamp is 1400 lumens 
compared with 1050 lumens for the 36-inch size. The new 
lamp will be available in daylight and warm white. 


Electric Carillons 


Two new electric carillon systems, one an instrument 
which rivals the music of a carillon of 26 giant bells and 
the other a five-note Westminster chime have bee: 
announced by the RCA Manufacturing Company 
Designed to take the place of costly, space-consuming be! 
carillons used in churches, schools, banks, public: buildings, 
and other similar institutions, the new electric carillons 
are compact and easily operated. They may be installed 
by connection with any public address system or electric 
organ amplifying unit. 

The 26-note system, encompasses all the musical range 
of a huge bell carillon in its two-octave piano keyboar! 
The chime system may, if desired, be operated from a 
time clock to give the Westminster peal at fifteen-minute 
intervals. Its hour-note is one octave lower than normal 
to assure good quality response. These simplified electric 
carillons produce clear, ringing bell-notes from slender 
metal reeds. Vibrating at the tap of little striking hammers 
actuated from the keyboard, the reeds, which are connected 
to magnetic coils, induce in the coils a current which 
varies exactly with the vibrations. This current is amplife 
in radio tubes and conducted to high quality loudspeakers 
which reproduce the bell-notes. 


Excello Drafting Machine 


The Eugene Dietzgen Company, Chicago, announces 4 
new drafting machine which is “‘free floating.”’ It uses light- 
weight alloys and roller bearings and is made in a precisio" 
manner. It hasa = 
so-called gravity Sal 
which 
eliminates  fric- 
tion brakes and 
overhanging 
weights. It may 
be used for 
drawings up to 
X60". 


control 


Please mention this journal when writing to advertisers 


hin 4 
4 
+ | 
X11 
chy 
APPL 
- 
Ri 
— 
J 
/ 
« 
4 
ALso 
SELF. 
hat 
10 Ea 
wre 


June, 1939 


STABILIZED A-C VOLTAGE 


INPUT 95 130 volts 
Instantaneous action 
A magnetic unit 


115 volts +1% 
Stabilizes at any load 
é within rating 
: No moving parts. Nothing to wear out. 
RAYTHEON Voltage Regulator 


APPLICATIONS Broadly it insures stable operation 
of all precision apparatus obtaining its power from 


lens, 


new 


This splendid new instrument 
enables you to tell in a jiffy if your 


QUICK-TEST 
TUBES 


ali! WITH NEW RCA 
TESTER! 


COSTS ONLY 


Model illustrated is counter sabe 
Also available in carrying case for portable 
use as Stock No. 156, $39.95 —All prices net. 


all tubes including the new 
“LOKTAL” types — but it’s ex- 


an A.C. source, for example :— 


tubes are in proper working 
order. And not only is the RCA 


ceptionally i inexpensive, 
Be sure you're using 


nent e Insures constant brilliancy from all types of Tube Tester amazingly simpleto _ tubes! | Quick. test them wit — 
onl lamps. operate... not only does it test RCA Tube Tester—at low cost! 
beer e@ Improves the operation of X-ray equipment. 
Stabilizes all electronic apparatus. 
ings, Write for Bulletin 48-71G6P. OST Equifp 
Hons 
alle! WALTHAM, RCA MANUFACTURING fhe we 4NC., CAMDEN, NEW JERSEY 
on RAYTHEON MFG. co. wae. A SERVICE OF THE RADIO CORPORATION OF AMERICA 
range MOLDED 
oar! 
IGH VALUE 
inute UNIVERSAL 
RESISTORS 
ender MODEL A: as 
ymers 4 measuring ranges 
which “2-9, 9-10, 0-99, | Size— 
0-250 ft. cdl. 
With double ceil: | 
0.0.25, 0-1, 0-5, to 1,000,000 Megohms 
0-25 ft. cdl. ? 
$100.00 for scientific and 
industrial control and measurement 
- perimental units. rried in stock in 
cision UNEQUALLED SENSITIVITY 0-12, 0-60, 0-1000 ft. cdl. a large assortment of values. Prices 
— PERMANENT STABILITY $37.50 from $.40 ea. to $3.50 ea. Quantity 
prices on request. 


ALsO InpivipUAL _PHOTOCELLS: 


ELECTROCELL 
SELF-GENERATING PHOTO-ELECTRIC ELEMENTS 
(Barrier Layer Cells) 
Great variety of sizes and shapes. 
Round cells from 9” to 24” diam. 
‘amounted or mounted. 


De. F. LOEWENBERG 


10 Eas 
t 40:h Se. New York City 


Please mention this journal when 


Full details in RESISTOR BULLETIN 37 
Free copy with Price List on request. Write 


S.S.WHITE 


The S. S. White Dental Mfg. Co. 


INDUSTRIAL DIVISION 


Department B, 10 East 40th St., New York, N. Y. 
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INDEX TO ADVERTISERS INDEX—Continued 


Name 


AJAX ELECTROTHERMIC Corp. iii RCA MANurFAcTURING Co., INC. 
Ajax-Northrup high frequency electric “furnaces from RCA Oscillators and Oscillographs, RCA Test " Equip- 
laboratory to plant sizes. ment, RCA Ultra-Sensitive DC Meter. 


BAKER & Co., INc. ii RusBicon COMPANY ........ 
Platinum crucibles, dishes, triangles, filter ‘cones, "anodes, Galvanometers, electrometers, potentiometers, Wheatstone 
cathodes, electrodes, platinum tipped crucible tongs, fine and Kelvin bridges, resistance boxes, hydrogen ion and 
wires and bismuth foil. conductivity apparatus. 


James G. Bippte CoMPpANY ‘xsi W.M. Screntiric Co. 
“ Jagabi” Rheostats; Adam Hilger and Kipp & Zonen Scientific _instruments—laboratory apparatus. Catalog 
Optical Instruments; ‘“‘ Pointolite’’ Lamps; Electrical lists 10,000 items. 

sti - i 
Testing and Speed-measuring Instruments. Weston ELectricAL INSTRUMENT Co. ............ 


P. Biakiston’s Son & Co., INc. ...... ; Industrial temperature gauges, photographic exposure 
meters, electrical measurement instruments. 
CENTRAL SCIENTIFIC COMPANY Cover 4 

Manufacturers of Cenco Physical Apparatus and Instru- S. W ITE DENTAL M FG. ( 

ments te meet a poqnirements of University, College Resistors, 1000 ohms to 1,000,000 megohms. 

an igh School Physics Laboratories. ializing in 

high vacuum development Joun Witety & Sons, INc. .. 

and apparatus for various sciences. 


bellows for temperature and pressure P O S IT I O N WAN TE D 


control devices. Data for engineers. 


EASTMAN Kopak CoMPANY ) Instrument maker with complete shop equipment. College 
Purified Organic Chemicals for research purposes; Plates connection anywhere desired. 20 years experience in , 
for Photography, Photomicrography, Spectroscopy, Pho- building, engineering, physical, chemical instruments, includ- 
tometry, Astronomy; Wratten Light Filters; Cameras ing balances, etc. Address Box K3-7. Rm. 1502, 175 Fifth 
and Films. Ave., New York, N. Y. 


Laporatory, INc. 

Standards of e.m.f. (standard cells). Precision electrical 
instruments; potentiometers, bridges, temperature bridges, 
volt boxes. Thermopiles and pyrheliometers. 


Classified advertisements are accepted under these three 
headings: Employment, Want to Purchase and Educa- 
tional Institutions. The rate is 7Sc per line (six words 
GAERTNER SCIENTIFIC Corp. : average) and minimum is three lines. 

Spectroscopes, Spectrometers, Spectrographs, Spectropho- 

tometers, Heliostats, Measuring Microsc Compara- 

tors, Cathetometers, Reading Telescopes, tate 

Chronographs, Dividing Machines, etc. 


GENERAL VApor LAMP. Co. 
Uviarc lamp for ultraviolet radiation. Sodium Lab-Arc 
Lamp. 


GENERAL Rapio CoMPANY Cover 3 
Manufacturers of electronic measuring instruments; ~ 
vacuum-tube voltmeters, amplifiers and oscillators; wave 
analyzers, noise meters and analyzers, stroboscopes; lab- 
oratory standards of capacitance, inductance and fre- 

uency; impedance bridges, decade resistors and con- 
ensers; air condensers and variable inductors; rheostats, 
Variacs, transformers; other laboratory accessories. 


LABORATORIES, INC. 

Photoelectric Cells; Photoelectric Relays; Slide Wire 
Rheostats; Galvanometers; Galvanometer Suspensions; 
Laboratory Stands and Clamps. 


INTERNATIONAL RESISTANCE COMPANY 
Manufacturers of metallized and wirewound fixed and 
variable Resistors including high voltage and high fre- 
quency types. 


Leeps & NortHrup CoMPANY 
Manufacturers of Galvanometers, Resistors, Bridges, 
Condensers, Inductances, Potentiometers, Testing Sets; 
Temperature Measuring, Recording and Controlling Ap- 
paratus; Instruments for Measuring and Controlling 
Conductivity of Electrolytes and Hydrogen Ion Con- 
centrations. 


= Linpe Arr Propucts Co. HYDRON Metallic Bellows are used as control ele 
Oxygen, Argon, Helium, Krypton, Neon, Xenon, Rare ments in temperature-and-pressure-control devices, and 
— for liquid or gas seals of compressors and pumps. We 
cuties es a & are specialists in the design and production of com- 
i plete thermostatic and pressure units for temperature 
LoEWENBERG, Dr. F. ili and pressure controls. We are, therefore, prepared t0 
Light measuring instruments, single and double cell extend the fullest co-operation to engineering depart 
types. Self-generating photo-electric elements, wide vari- ments of control manufacturers in the solution of de 

ety of electrocells. sign and engineering problems. 


McGraw-Hitt Book Co., ii CLIFFORD MANUFACTURING co, 


RAYTHEON Mec. Co. ‘ii RST STREET, BOSTON 
Voltage stabilizers and regulators. " Electrical measure- BOSTON CHI CAGO. DETROIT LOS ANGELES 


PRODUCERS OF BELLOWS EXCLUSIVELY 
ment and control instruments. SERVING AUTOMATIC CONTROL MANUFACTU 
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